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ABSTRACT OF THESIS 
 
 
 
 
MASS SELECTION WITH AN OPTICAL SORTER FOR HEAD SCAB                            
RESISTANCE IN SOFT RED WINTER WHEAT 
 
Fusarium head blight (FHB) or head scab, caused by Fusarium graminearum 
Schwabe [telomorph: Gibberella zeae Schwein.(Petch)], is one of the most destructive 
diseases of wheat (Triticum aestivum L.) worldwide. Numerous strategies for scab 
resistance breeding are in use, including phenotypic selection for low severity and 
marker-assisted selection for resistance QTL.  The most destructive consequences of scab 
are evidenced through a reduction in grain quality, and the presence of mycotoxins, the 
most common of which is deoxynivalenol (DON).  Thus, there is great interest among 
breeders in selecting for resistance to both of these traits.  To this end, a study was 
devised as follows.  In 2010, 20 bulk F3 SRW wheat populations with scab resistant 
parents in their pedigrees were harvested by population from unreplicated plots near 
Lexington, KY. The plots were affected by a naturally occurring mild-moderate scab 
epidemic.  The grain was sorted on a USDA/ARS and National Manufacturing Seed 
Sorter System with color camera according to a calibration that reflected visual 
differences between asymptomatic grain and grain showing FHB symptoms. This process 
was repeated in 2011 using grain from plots that had conidial suspension applied at 
anthesis. In 2012, an unreplicated plot study of the C0, C1 and C2 cycles of selection, 
inoculated with grain spawn and conidial suspension, was evaluated for Fusarium 
damaged kernels (FDK) and DON concentration.  An additional cycle of selection was 
conducted by running the bulk grain through the sorter.  In October 2012, 4 selection 
cycles of the 20 populations were planted in a RCB experiment at Lexington and 
Princeton, KY.  Bulk populations were planted in both scab nursery and plots, and C3 
accepted and rejected of all populations and derived lines of 2 populations were planted 
in the scab nursery in Lexington, KY. Some populations had FDK and DON reduction 
with selection, and some derived lines had either numerical or significant reduction with 
selection. Although the accepted fraction had non-significant reduction compared with 
the rejected fraction over the populations, FDK and DON means were obviously lower in 
accepted than in rejected fractions. 
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Chapter One 
Introduction 
 
Fusarium Head Blight (FHB), or head scab, primarily caused by Fusarium 
graminearum Schw., is a destructive disease of wheat (Triticum aestivum L.). It has 
reemerged worldwide as a disease of economic importance. In the United States and 
Canada, FHB in the 1990s has caused epidemics of varying severity on barley 
(Hordeum vulgare L.)  and on all classes of wheat. It is documented as causing 
epidemics in 26 states in the United States (Windels, 2000). Scab outbreaks have 
been recorded in Europe, Asia, and South America as well, and each country 
continues to struggle with this devastating disease (McMullen, 1997). 
Damage produced by the fungus includes: reduction of yield, mycotoxin 
contamination, discolored, shriveled “tombstone” kernels and reduction in seed 
quality. The disease also reduces the test weight and lowers the market grade 
(McMullen, 1997). 
The United States Department of Agriculture (USDA) ranks FHB as the worst 
plant disease to hit the nation since the stem rust epidemics of the 1950’S. Wheat 
and barley losses caused by scab epidemics in the United States during the 1990 are 
estimated at close to $3 billion (Windels, 2000).  
The outbreak’s severity and frequency increase in an area when reduced 
tillage practices are used, which increase the amount of crop residue that the fungus 
survives in/on and results in producing more inoculum (Shaner et al., 2003).  
Host resistance is considered the most practical and effective strategy of FHB 
control, but breeding has been hindered by a lack of effective resistance genes and 
by the complexity of the resistance in identified sources (Rudd et al., 2001b). 
Breeding for FHB resistance is a first priority to control this disease, but a large 
environmental influence on phenotypic estimates of resistance, the complex 
polygenic nature of FHB resistance, and its association with so many undesired 
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agronomic traits in the available FHB resistance sources in wheat are impediments 
to developing resistant cultivars (Browne et al., 2005; Verges, 2004). 
Type I (resistance to initial infection) and Type II (resistance to spread in the 
spike) are the most commonly studied types of FHB resistance. Type V, resistance to 
DON accumulation, has received increasing attention recently (Mesterhazy, 1995). 
Although phenotypic evaluation of FHB is time consuming, expensive, often 
inaccurate, and expression of FHB resistance is greatly affected by the weather, 
resistance to head scab has been based on it (Bai and Shaner, 2004; Van Sanford et 
al., 2001). Phenotypic evaluation of disease incidence and severity in the field, and 
by estimation of percentage of Fusarium damaged kernels (FDK) and DON content 
in grain after harvest (Bai, 1994). 
This study was conducted to determine the effect of mass selection for FHB 
resistance using an image-based optical sorter. We compared unselected 
populations (C0) with similar populations that had been selected between one and 
four cycles (C0 – C4). Another objective was to see effectiveness of sorting by 
comparing the C4 selected and rejected grain fraction of two methods additional to 
image-based sorter, using LED and single kernel NIR sorters. Thirdly, lines were 
derived from the C0 and C2 of two populations to compare genetic variation within 
populations with and without sorter selection. Our overall hypothesis is that sorting 
grain results in improved Fusarium head blight resistance. 
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Chapter Two 
Literature review 
 
Economic losses associated with Fusarium Head Blight  
 
Fusarium head blight (FHB), or head scab, is caused most often by Fusarium 
graminearum (Schwabe), (sexual stage – Gibberella zeae) although several Fusarium 
spp. can cause the disease (Saharan et al., 2007). 
 Head scab is historically a devastating disease affecting not just all classes of 
wheat but also barley and other small grains around the world. This fungal disease 
has the ability to completely destroy a potentially high-yielding crop within a few 
weeks of harvest. FHB of wheat and other cereals is more or less common in the 
central and eastern cereal-growing section of the United States and various parts of 
Canada. The Plant Disease Survey reported the disease in 1917, 1918, and 1919 in 
many states in the US. In Europe, this disease has been found in England, France, 
Italy, German, Holland, Denmark, Norway, and Russia. It has been reported in 
Australia and many countries in Asia, and has been very common in Usurian 
provinces on the Siberian Pacific Coast (Atanasov, 1920). In the 1990s, in the United 
States, an estimated US $3 billion loss to wheat and barley farmers was caused by 
scab (Saharan et al., 2007). FHB-related economic losses to growers were very 
extreme in the southeastern US in 2003; these were estimated for 40 counties in 
Maryland, Virginia, and North Carolina at over $13.6 million (Cowger and Sutton, 
2005).  
Damage produced by the fungus is multifold: reduction of yield, 
contamination with mycotoxins, discolored, shriveled “tombstone” kernels and 
reduction in seed quality. FHB can have a tremendous impact on the seed industry 
via reduced supplies and lower quality (germ / vigor) (McMullen, 1997). The 
infected grains appear discolored and shriveled, which is why they are called 
“tombstones”. The disease also reduces test weight and lowers market grade 
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because diseased kernels are light and shriveled (McMullen, 1997). 
The same authors reported that mycotoxins are frequently associated with 
growth and invasion of wheat grains by scab fungi; this results in additional losses 
for agriculture. The most important mycotoxin produced by Fusarium graminearum 
Schwabe is deoxynivalenol (DON), also known as vomitoxin. The presence of DON in 
diseased grain further exacerbates the losses caused by scab. High levels of 
deoxynivalenol cause feed refusal in non-ruminant animals and pose a threat to 
other animals and to humans as well.  
The 1993 epidemic in many states of the US resulted in a higher 
concentration of DON, which reduced the marketability and price of wheat grain 
(McMullen, 1997). Soon after, the US Food and Drug Administration (FDA) issued 
guidelines for DON: 1 ppm DON in finished wheat products (e.g. flour) that may 
potentially be consumed by humans (Delwiche, 2003). 
Pathology and Epidemiology of Fusarium graminearum 
Although many Fusarium species can cause scab, F. graminearum Schwabe 
[teleomorph = Gibberella zeae (Schw.) Petch] is the principal pathogenic agent (Bai 
and Shaner, 2004). F. graminearum has been divided in two groups since 1999, and 
they can be distinguished based on molecular and morphological/cultural 
characters. This homothallic species was termed F. graminearum Group 2 to 
differentiate it from the morphologically similar heterothallic form, termed Group 1. 
Whereas isolates of both groups could produce FHB symptoms in wheat, only Group 
1 isolates are associated with another disease, crown rot (Xu and Nicholson, 2009).  
The causal fungus overwinters on crop residues, such as maize, wheat, and 
barley on the soil surface, and they are the major reservoir of pathogens of FHB, 
although living plants such as wheat, corn, barley, soybean, and rice could be a 
source of inoculum if they were infected earlier. Ascospores released from debris on 
the soil surface are the principal inoculum that initiates infections of FHB (Bai and 
Shaner, 2004). F. graminearum has a potential epidemiological advantage because it 
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regularly forms perithecia in/on plant debris resulting in production of ascospores, 
and because it regularly forms secondary inoculum, asexual spores called conidia. 
These are blown or splashed to new infection sites (Xu and Nicholson, 2009). Moist 
and warm conditions favor ascospore production from perithecia (Parry et al., 
1995). During moist weather, sources of inoculum for the disease, spores of the 
fungi, are windblown or splashed onto the heads of the crop (McMullen, 2008). 
While prolonged periods of 48 to 72 hours of high humidity and temperatures of 75 
to 85 °F are the most favorable conditions for infection, infection can occur at cooler 
temperatures when high humidity persists for longer (McMullen, 2008).  
 Anthesis is the growth stage most vulnerable and susceptible to infection 
(Bai and Shaner, 2004), but infection can be occur from anthesis (pollination) up to 
the hard dough stage of kernel development (McMullen, 2008). Spores may land on 
the exposed anthers at flowering time and then grow into the kernels, glumes or on 
spikelets and germinate (McMullen, 2008). Shortly after that, symptoms appear. 
Water soaked lesions, dark- brown spots, appear on glumes and   usually extend into 
the rachis, and into the stem tissue as the fungus spreads (Bai and Shaner, 2004). A 
premature bleaching of infected spikelets and the production of salmon- colored 
light pink spore-bearing structures called sporodochia at the base of the glumes is 
another evidence of the FHB under heavy disease pressure (MacMullen et al., 2012; 
Schmale et al., 2003). 
Resistance to Fusarium head blight is non-species specific. (Eeuwijk et al., 
1995). Similarly, there is no race-specificity (Mesterházy et al., 1999). Different 
wheat genotypes with different levels of resistance were tested in an experiment 
conducted from 1998–2002 to describe the nature of the resistance. Seven different 
isolates of Fusarium spp. including F. graminearum were sprayed. Results indicated 
that the resistance to F. graminearum is similar to that of other Fusarium spp.; the 
implication is that resistance relates not only to a specific isolate of F. graminearum, 
but also to isolates of other Fusarium spp (Mesterházy et al., 2005). 
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Conventional Breeding for Resistance 
Most breeders attempt to improve scab resistance by recombining different 
sources and resistance types and selecting for resistance and desirable agronomic 
performance. Most, if not all of them, have found genetic variability for FHB 
resistance in their germplasm. The level of resistance will increase in this adapted 
germplasm pool as programs actively screen for FHB resistance (Rudd et al., 2001a). 
Although progress has been made in breeding for resistance to FHB during the past 
few decades, breeding commercial wheat cultivars that combine desired agronomic 
traits and a high level of FHB resistance remains a big challenge for plant breeders. 
Moreover, FHB resistance is not a single trait; this is because of the association of so 
many undesired traits in the available FHB resistance sources, the polygenic control 
of disease resistance, the complicated disease evaluation procedures, and the 
environmental effect on the resistance phenotype (Bai and Shaner, 2004) 
The same authors state that most effort of scab resistance breeding has 
focused on three specific aspects: improving agronomic traits of highly resistant 
materials available in wheat, improving resistance level of currently grown 
commercial cultivars, and introducing new resistance genes from other gene pools.  
For improving FHB in wheat, breeders have used common breeding methods 
such as the pedigree method, single seed descent, and recurrent selection. These 
methods have proven useful in breeding programs. Backcrossing is problematic 
because genetic background appears to influence expression of FHB resistance (Fehr 
et al., 1991). Recurrent selection appears to be highly effective and feasible in 
shifting the average FHB resistant genotypes that are also agronomically desirable 
by enhancing the frequency of resistant individuals through repeated cycles of 
selection and systematic recombination (Yang et al., 2000). During 1987–1991, four 
cycles of recurrent selection for FHB resistance were conducted in an intermating 
wheat breeding population using the dominant male-sterile gene ms2. The 
frequencies of individuals with FHB response equal and/or superior to Suma i 3 
were increased to 5–8% in C4 and 25% in C4F1 after the fourth cycle, although the 
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largest selection gains were realized in the first cycle (Yang et al., 2000). 
Sumai 3, a resistant cultivar, has been extensively used as a resistant parent 
in Chinese breeding programs. Many Sumai 3- derived resistant lines were 
developed. These resistant lines usually had stable type II resistance, similar to that 
of Sumai 3, and agronomic traits superior to those of Sumai 3, although they were 
still not acceptable for commercial production. The European breeding lines 
CM82038 and Sgv-NB/MM-Sumai 3, with a high level of FHB resistance, were also 
developed from the Chinese cultivar, Sumai 3. This cultivar has also been widely 
used as parents in breeding programs in the United States and elsewhere. While 
Sumai 3 has been the major source of resistance used in wheat breeding, other 
sources of resistance have also got some attention. Winter wheat cultivars ‘Ernie’ 
and ‘Freedom’ show good FHB resistance in the field and have been used as parents 
in the United States wheat breeding programs, but they do not have the 3BS QTL for 
FHB resistance (Bai and Shaner, 2004). 
Resistance Types and Disease Assessment 
 Generally, there are some morphological traits associated with the rate of the 
FHB disease. Awnless genotypes with long peduncle, and a lax spike have lower 
disease spread than genotypes that are awned, have short peduncles and a compact 
spike. Moreover, short genotypes are more susceptible to disease compared to tall 
genotypes (Mesterhazy, 1995).  
Type I resistance (resistance to initial infection) and Type II resistance 
(resistance to disease spread) are the two major forms of resistance to FHB. Distinct 
differences were observed between the Type I and Type II genotypes. A study done 
in 2011 suggests that different molecular mechanisms exist not only between 
susceptibility and resistance responses, but also between different forms of genetic 
resistance. Whereas Type II resistance is more likely a form of local resistance, Type 
I resistance involves a combination of structural features. Type I slows fungal 
penetration and the activation of a systemic response in uninfected tissues adjacent 
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to the site of infection to prevent and minimize secondary infection (Foroud, 2011). 
There are three other types of resistance: type III, resistance to kernel infection; 
type IV, yield tolerance and type V; resistance to accumulation of (DON) 
(Mesterhazy, 1995). 
Type II resistance evaluation is routinely done in greenhouse experiments 
and measured by single floret inoculation with a macroconidial spore suspension 
and then scoring the number of infected spikelets 14–21 days post-inoculation. The 
percent of infected spikelets over the total number of spikelets is often used to 
represent type II resistance (Lin et al., 2006). A single central floret is inoculated at 
anthesis with 5 μl to 10 μl of a suspension of these spores. Spore suspension 
concentrations range from 50,000 to 100,000 spores/mL(Rudd et al., 2001a; Verges, 
2004). 
Type I resistance is evaluated differently, usually by inoculating plants and 
measuring the disease severity or percentage of infected spikes. Inoculation is 
accomplished by spraying with a conidial suspension at the time of anthesis or 
natural inoculation in scab nurseries (Lin et al., 2006). Infected spikes are counted 
20-22 days after inoculation with spraying method, and 21-25 days after flowering 
with natural inoculation in disease nurseries (Rudd et al., 2001a; Verges, 2004). 
Time of disease evaluations could be extended or shortened depending on 
disease progression (Rudd et al., 2001a). Scoring of the disease includes recording 
of incidence and severity parameters.  Incidence (percentage of spikes with 
symptoms), severity (percentage of disease spikelets on the infected spikes), and 
disease index (incidence × severity) are determined in 20 to 30 spikes per row. 
While some researchers consider the data as an estimate of a combination of Type I 
and II, others associate incidence with Type I resistance and severity with Type II 
resistance (Rudd et al., 2001a). 
Resistance to kernel infection, Type III resistance, is measured generally by 
observing the damage to the kernels. Kernel number reduction, kernel weight, test 
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weight, or visual estimates of FDK (tombstones) are common measurements to 
assess Type III resistance (Verges, 2004). 
Mass Selection 
Mass selection is one of the oldest plant breeding methods to enhance 
germplasm and develop improved cultivars (Burton, 1990). It can be an effective 
plant-breeding tool for high heritability traits (Redden and Jensen, 1974). This 
breeding method increases frequencies of desirable genes and it is used with self-
pollinated and cross-pollinated species. In case of cross-pollinated species, the mass 
selected populations are heterozygous and heterogeneous. In self-pollinated 
species, these populations are a mixture of several pure lines, meaning they are 
homozygous but heterogeneous (Fehr et al., 1991). 
Mass selection is more appropriate for outbreeding than inbreeding mating 
systems. Inbreeding restricts the availability of genetic variance. A small amount of 
outcrossing or a high level of dominance expression in the population would tend to 
alleviate this limitation.  There is little evidence that after a few cycles of mass 
selection with inbreeding, genetic variability might be exhausted. It is possible that 
mass selection would not be more useful in an outbreeding than an inbreeding 
system (Redden and Jensen, 1974). 
The procedure for mass selection starts by selecting plants that have 
desirable traits from population source; these seeds are bulked. An alternative 
method is to rouge out the undesirable members of the population and bulk the 
remaining in the first year. These seeds are planted in a preliminary yield trial along 
with standard varieties as a check in the second year. Selected plant types are 
critically evaluated for phenotype. From the third to the sixth year, to confirm that 
selections would perform in a similar manner at different locations, yield trials of 
selected ones should be conducted at several locations. Mass selected variety is 
released if it is up to the expectation in the seventh year (theagricos.com, 2010). 
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In a study conducted to develop multiple disease resistances and to conserve 
germplasm in alfalfa, recurrent phenotypic selection, a form of mass selection, was 
used. This proved effective for developing resistant populations of alfalfa to some 
diseases. General vigor of the populations increased in generations of selection 
conducted in the field, as well. The success of mass selection in alfalfa prompted an 
effective way to develop resistance and combined resistance to diseases (Hanson et 
al., 1972). 
For improving FHB resistance, breeders attempt to recombine different 
sources and types of resistance, simultaneously selecting for FHB resistance and 
desirable agronomic performance. Most, if not all, have found genetic variability for 
FHB resistance in their existing germplasm. The level of resistance will increase in 
this adapted germplasm pool as programs actively screen for FHB resistance (Rudd 
et al., 2001a).  
Breeders use phenotypic and genotypic selections for FHB disease resistance. 
Direct (ex, chemical concentration of DON) and indirect (NIRFDK) methods of 
selection to differentiate healthy and infected plants and kernels are used as a 
phenotypic selection. One cycle of either direct or indirect simulated phenotypic 
selection was effective in reducing DON and enriching the population with lines 
homozygous for resistance alleles at FHB QTL (Balut, 2012). 
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Kernel Damage, Sorting and FDK Assessment 
Infected tombstone kernels have a rough, shriveled appearance, ranging in 
color from pink, soft-gray, to light-brown (MacMullen et al., 2012; Schmale et al., 
2003). Scabby kernels are also highly associated with DON (McMullen, 1997). Based 
on these properties, many researchers have been working on some instruments to 
differentiate and separate damaged and healthy wheat kernels (Delwiche, 2003). It 
is important to estimate proportions of sound kernels and FDK in wheat grain and 
to estimate the DON levels of FDK samples to assess cultivar resistance (Hall, 2003).  
FDK measurement could be done either by visually comparing a reference 
sample with testing samples (Jones and Mirocha, 1999), or  by manual separation of 
scabby and healthy kernels (Agostinelli, 2009; Verges, 2006). Visual comparison of 
samples is a quick way of assessing FDK but it is too subjective. Manual separation is 
less subjective but very time consuming. Therefore, researchers have currently been 
seeking new methods for grain inspection that are rapid and objectively based 
(Delwiche, 2003).  
For this purpose, several approaches could be used: Near Infrared 
Reflectance (Balut, 2012; Delwiche, 2004), Air Separation (Agostinelli et al., 2007; 
Agostinelli, 2009), and digital image analysis. Much of the current research on 
instrumentation for wheat kernel analysis has been based on digital image analysis 
(Delwiche, 2003). Most digital image analysis research is based on extraction of 
kernel morphological features for the purpose of identifying non–wheat species 
from wheat or for classifying wheat (Delwiche, 2003). 
In Ruan’s study, the conclusion was that the machine vision-neural network 
technique produced more accurate determination of %VSK (visibly scab–damaged 
kernels) than the human expert panel. The study used neural networks based on 
color and textural features of bulk samples in order to develop a model for wheat 
scab detection (Ruan et al., 1998). One objective in my study is to evaluate a method 
for measuring FDK based on image-based optical sorter as a novel technique for 
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mass selection and assessing FHB. 
Deoxynivalenol production, impact and using FDK to predict it 
 Deoxynivalenol (DON) is a mycotoxin produced by F. graminearum. DON 
contamination of wheat-infected grain has become a main concern for animal 
production and human health as FHB outbreaks become more frequent and severe 
(McMullen, 1997). As mentioned before, the FDA advisory–level specification for 
DON in finished wheat products (e.g., flour, semolina) destined for human 
consumption is 1 ppm, with higher allowable levels (5 to 10 ppm) in livestock and 
poultry feeds (Delwiche, 2003). 
  DON concentration is extremely variable since its existence and level 
depends on the environmental conditions, the variety, and the fungal genotype 
(Mesterházy et al., 1999). In Hart’s study, 1984, DON was detected in a ripe field 
inoculated grain when heads where covered with plastic bags for 3 and 6 hours 
immediately after inoculation, even though there were no symptoms of infection. 
Inoculating heads after the kernels were filled resulted in less yield loss, but the 
production of DON was dependent on the hours of head wetness and not on the 
stage of kernel development (Hart et al., 1984). Resistant cultivars influence DON 
production significantly. Mesterhazy’s study of the aggressiveness of Fusarium 
graminearum stated that in the most resistant genotypes, toxin contamination 
remained near zero, whereas the same Fusarium isolates produced very high toxin 
levels in susceptible cultivars (Mesterházy, 2002). Toxin-producing ability is also 
correlated closely with the level of aggressiveness of the isolate. However, the 
resistance level is more important in governing DON accumulation than the 
aggressiveness of an isolate because toxin levels are correlated with the FDK ratio 
and this ratio is very low in highly resistant cultivars (Mesterházy, 2002).  
DON is translocated from the chaff and old infected kernels to the young 
kernels. Therefore, reducing movement of DON to young kernels from chaff at 
harvesting may limit DON concentration (Snijders and Krechting, 1992). On the 
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other hand, another study did not support the DON movement hypothesis; DON was 
not found in other spikelets that were not injected with DON (Mirocha, 1997).  
Selection for reduced FHB symptoms should lead to a correlated selection 
response in low fungal biomass and low DON content in the grain (Miedaner et al., 
2004). These authors state this conclusion based on the correlation in their study 
between DON content and FHB symptom rating in wheat, which was (r = 0.77). In a 
report about the correlation between DON content and FDK, Ittu et al., 2000, 
reported a highly significant correlation (r = 0.82), and the correlation between 
percentage of damaged kernels and FHB (r = - 0.87). These results offer hope to 
wheat breeders because FDK may be a good predictor of mycotoxin content (Ittu et 
al., 2000). 
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Chapter Three 
Methods of Assessing Fusarium Damage to Wheat Kernels 
Introduction 
 Fusarium head blight (FHB), caused by Fusarium graminearum Schwabe, is 
one of the most devastating diseases worldwide; it reduces yield, quality and 
economic value of wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) 
(Van Sanford et al., 2001b). In recent years, head scab has reemerged as a disease of 
economic importance throughout the world. In the United States and Canada, the 
reemergence of Fusarium Head Blight in the 1990s has caused epidemics on barley 
and on all classes of wheat with varying severity (Windels, 2000). Wheat and barley 
losses caused by FHB epidemics in the United States during the 1990s were close to 
$3 billion, and FHB ranked as the worst plant disease to hit the nation during the 
past seven decades (Windels, 2000).  
Host resistance is considered to be the most practical and effective strategy 
of controlling wheat scab, although breeding has been hindered by the complexity of 
the resistance, a lack of effective resistant genes, and disease assessment difficulty 
and cost (Rudd et al., 2001b). Resistance to FHB is controlled by multiple genes 
whose effects are greatly influenced by the environment (Lin et al., 2006; Parry et 
al., 1995). This complexity limits our understanding of the resistance mechanisms 
and has made breeding of FHB resistance very difficult and time consuming (Lin et 
al., 2006). Several different assessment methods have been used depending on types 
of resistance (Mesterhazy, 1995).  
Five resistance components have been characterized, and each require 
different methods of assessment (Mesterhazy, 1995). Type I, resistance to initial 
infection, assessed using spray inoculation with Fusarium spores or spreading 
Fusarium infected grain or plant debris directly on the soil and evaluation of the 
number of infected spikes. Type II, resistance to disease spread within spike, 
assessed by point inoculation of a middle spikelet in the head and evaluating 
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expansion of disease symptoms that spread from the middle inoculation point in 
each spike (Hall, 2002; Mesterhazy, 1995). Type II resistance evaluation is routinely 
done in greenhouse experiments and measured by scoring the number of infected 
spikelets 14–21 days post-inoculation (Lin et al., 2006). These types are the two 
major forms of resistance to FHB (Foroud, 2011). Type III, resistance to kernel 
infection is assessed by counting the proportion of visibly damaged kernels. That is, 
the measurement of kernel number reduction, kernel weight, test weight, or visual 
estimates of FDK are common measurements to assess Type III resistance 
(Mesterhazy, 1995; Verges, 2004). Type IV resistance is the tolerance to Fusarium 
(Mesterhazy, 1995). Tolerance to disease shows differences in the final yield when 
no significant disease symptom differences appear (Wang et al., 2007). It is the 
ability of the plant to endure the effect of parasitic infection levels. If this occurs at 
equivalent levels with other plants of the same and similar species, this would cause 
greater improvement of growth or yield (Mesterhazy, 1995). This type of resistance 
is assessed by calculating and comparing plot yields that are affected by FHB with 
similar plots without FHB symptoms (Rudd et al., 2001b). Type V, resistance to 
toxins such as DON by decomposing or inactivating them (nonaccumulation), is 
evaluated by analysis of mycotoxin amount in grain by using different methods like 
DON test kits (Hall and Van Sanford, 2003) and near infrared (NIR) reflectance 
(Balut, 2012).  
 Yield loss and DON contamination are the main concerns related to FHB. 
Direct assessment of FDK and DON is expensive and time consuming for both types 
of resistance (resistance to kernel infection and mycotoxin accumulations) 
(Agostinelli, 2009; Foroud, 2011; Rudd et al., 2001b). The shortage of seeds in early 
generations makes it difficult to work with these two types of resistance (Rudd et 
al., 2001b). However, chaff and FDK assessment are the most practicable methods 
for FHB assessment in early generations, which means one should utilize Types I, II, 
and III. (Agostinelli, 2009; Mesterházy et al., 1999).  
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Methodologies of assessment of Type I and Type II resistance are imperfect 
and have important drawbacks for the following reasons:  
1- Grain damage might not be reflected accurately through incidence and 
severity measurements (Agostinelli, 2009; Mesterházy et al., 1999; Verges, 
2004) 
2- It is difficult to take notes in more than one location at the same time difficult, 
and the evaluation would be personnel-dependent (Agostinelli, 2009).  
3- A different optimal time of evaluation for each genotype makes the 
determination of the best time for symptom measurement difficult 
(Agostinelli, 2009). Environmental factors of temperature and humidity 
affect symptom expression and disease spread which then affects the 
optimum time of reading and rating assessment (Agostinelli, 2009; Verges, 
2006) 
4- Incidence and severity measurement of spikes has to be done based on a 
arbitrary sample; choosing a random sample from each plot in an effective 
way is difficult (Agostinelli, 2009) 
 
Type III resistance to kernel infection, is evaluated in more direct ways, 
which avoids the drawbacks listed above. It directly measures FDK, and sampling 
randomization is not a problem since grains are mixed before taking a sample; 
timing is not an issue since the assessment is done after harvesting all plots and the 
results will not be modified depending on the time, and having several locations is 
not a problem since all grain samples come from different locations and are 
evaluated in the same place (Agostinelli, 2009).  
FDK measurement is a good way to assess FHB, as several studies 
corroborate. It could be more efficient than chaff symptom evaluation (Agostinelli, 
2009; Balut, 2012). Visual comparison and manual separation are two different 
ways of FDK evaluation (Agostinelli, 2009; Jones and Mirocha, 1999; Verges, 2006). 
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Visual comparison is a subjective method although it is not as time consuming as 
other methods. Manual separation is a much more effective way of FDK assessment 
but it is very time consuming (Agostinelli, 2009). 
Several approaches could be used for assessing FDK: digital image analysis 
(Agostinelli et al., 2007; Wiwart et al., 2001), air separation (for example, the 
machine developed from the Precision Machine head threasher and Shop-Vac 
vacuum) (Agostinelli, 2009; Balut, 2012), near infrared reflectance (Balut, 2012; 
Peiris et al., 2009), and hand counting with visual evaluation to separate damaged 
and healthy grain. The objectives of this study were 1) to assess methods of 
measuring FDK based on optical sorter separation, hand counting, air separation, 
and NIR and 2) to assess the value of these methods in predicting DON 
concentration. 
Materials and Methods 
Twenty sets of F4 wheat populations of inbred lines from 2 and 3 way crosses 
were evaluated in this study in 2012 (Table A.3.4). Seeds from the non-selected base 
population and seeds from two cycles of selection (C0, C1, C2 respectively) of each 
population were planted on 1 November 2011. The populations were grown in 6-
row, 3-m-long plots on Spindletop Research Farm (38°7’37. 81’’ N, 84°29’44. 85’’ W; 
Maury silt loam [fine, mixed, semiactive, mesic Typic Paleudalfs]) near Lexington, 
KY using an non replicated design. Seed quantities precluded the use of replication. 
Recommended agricultural practices for wheat production in Kentucky were 
followed (Lee et al., 2009). 
Field disease evaluations 
Daily heading notes were taken in the field. Plots that headed first were 
scored for disease first. Disease incidence was calculated as the number of visually 
infected spikes per plot divided by the total number of spikes (on a basis of 100 
heads per plot). The readings were taken 28 days after the heading date in 2012 
because it was a dry year (In normal years, reading are taken between 21 and 24 
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days after heading).  
Assessing disease severity was done by counting the number of visually 
infected spikelets in 30 infected heads and dividing that number by the total 
number of spikelets per head. The scoring was done 28 days after heading date.  
Height (cm) of three plants per plot during the seed-filling period was recorded and 
averaged. 
FDK Assessment Methods 
The six-row plots were harvested with a small plot combine with a minimum 
of forced air to minimize light seed loss at harvest maturity. Plot samples were 
carefully cleaned (manually) with a minimum of forced air for the same reason. 
Containers that hold approximately 15 grams of grain were used for taking samples 
from each plot yield sample for FDK and DON assessment. These samples were 
evaluated for FDK visually and counted by hand. Six hundred kernels were taken 
from each sample and then separated by hand into two fractions of scabby and 
asymptomatic kernels. These fractions were counted and weighed. Kernel number 
and weight of each fraction were entered into a Microsoft Excel (2007) spreadsheet 
that was used to calculate FDK proportion for each sample using the following 
formulas: 
FDK (%) = (SSN / (SSN + ASN)) * 100 
FDK (%) = (SSN / (SSN + ASW)) * 100 
SSN= Scabby seed number  
ASN= Asymptomatic seed number  
ASW = Asymptomatic seed weight (g) 
 Samples (approximately 15 g) were run into an air-separation machine 
specifically developed from a Precision Machine head thresher and a Shop-Vac 
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vacuum to separate infected kernels from healthy kernels (Agostinelli, 2009). The 
FDK evaluation took around 50 seconds per sample, and the net time that seeds 
were run into the machine by exposing them to the air was 10 seconds. Two 
fractions from each sample using this machine were obtained. The lighter portion of 
wheat (estimated as scabby kernels) was weighed, and mixed with the heavier 
portion of wheat (estimated as healthy kernels) and weighed again to get the total 
weight of each sample. Visual estimation of FDK was scored for the light portion to 
have an adjusted weight of the scabby portion. Visual estimation of the scabby 
fraction was taken to make an adjustment for the scabby weight because in some 
samples researchers observed some asymptomatic grains. That was not because of 
the differences between symptomatic and asymptomatic weight, but because of the 
differences between the size and the weight of different varieties, in which some 
asymptotic kernels weigh more or less than others of the same size. Data was 
entered into a Microsoft Excel (2007) spreadsheet that was used to calculate FDK 
proportion for each sample using the following formulas: 
FDK (%) = ( SSW /  TSW ) * 100 
For adjusted FDK after multiplying the light portion by visual proportion the 
formula was: 
FDK (%) = ( JSW  /  TW ) * 100 
Where 
SW = Scabby seed weight (g) 
TSW = Total seed weight (g) 
The same samples were run into an optical sorter followed by NIR analyzer, 
and subsequently sent in coin envelopes to the University of Minnesota DON testing 
Lab for DON analysis. DON concentration (ppm) was measured by gas 
chromatography with mass spectrometry (GC-MS) according to (Agostinelli, 2009). 
The optical sorter was manufactured by USDA / ARS, and National Manufacturing 
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CO. A calibration developed based on the 2012 crop was used to sort the samples. 
Physical properties such as grain size, color and weight impact the sorting 
operation. This occurs when the grain drops from the channel that it travels through 
and is exposed to the camera. The properties of grain weight and size could affect 
how fast kernels drop, are photographed, compared by the computer against the 
calibration and when perceived as a reject, elicit the action of the air gun which 
blows kernel into the reject container. The most important measurement for this 
device is grain color. Symptomatic and asymptomatic portions were obtained and 
these fractions were weighed. Data was entered into a Microsoft Excel (2007) 
spreadsheet that was used to calculate FDK proportion for each sample using the 
following formula: 
FDK (%) = (SSW / (SSW + ASW)) * 100 
 The samples were also run on an NIR analyzer manufactured by Perten 
Instruments. Two calibrations were built by the University of Kentucky Wheat 
Breeding Program and the manufacturers on the basis of 2012 FDK and DON data 
measured by air-separation and GC-MS, respectively. One calibration was made 
using all lines and the other with excluding outliers. 
Statistical analysis 
Proc CORR (SAS 2009) was used to analyze the relationship among the FDK 
methods of assessment and FHB traits. Data were plotted using Microsoft Excel 
(2007) to study the relationship among FDK assessment methods and FHB traits 
and calculate r2. 
Fusarium damaged kernel methods of assessment and agronomic traits was 
estimated using the following model: 
Yij = μ + αI + βj + Eij 
Where: Yij = the observation in the ith genotype in the jth selection cycle, μ = the 
overall mean, βj = the effect of selection, the effect αi = the effect of genotype, Eij, the 
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residual error. 
Data were analyzed using the General Linear Model procedure (Proc GLM; SAS 
2009, proc REG; SAS 2009, and proc ANOVA; SAS 2009). 
Result and Discussion  
 
Comparing methods with each other 
 
Fusarium damaged kernels (FDK) estimated by visual assessment on the 
basis of weight had a strong statistical correlation (r 2 = 0.91; Figure A.3.1) with 
visual assessment of FDK percentage on a count basis (n= 600 kernels a sample). 
With other FDK methods of estimation, FDK percentage on a count basis was 
correlated slightly higher than when comparing with visual estimate on the basis of 
weight. The two near infrared reflectance (NIR) calibrations (r2= 0.94; Figure A.3.2) 
NIRFDK1 and NIRFDK2 were strongly correlated for both FDK and DON with each 
other. The relationship between NIRDON1 and NIRDON2 was also strong (r 2= 0.98). 
Fusarium damaged kernel percentage on the basis of air-separation machine was 
highly correlated (r2= 0.92; Figure A.3.3) with adjusted air separation FDK 
(adjusting the scabby weight portion after multiplying it by the visual FDK estimate 
to that portion), and the adjusted FDK was correlated slightly higher with all other 
variables as compared to air separation FDK without adjusting it. 
 
Adjusting the air separation FDK seems to be a good way to increase the 
accuracy of FDK measurement because the output of this machine is not perfect and 
the scabby kernel portion for some samples contained some healthy looking 
kernels. It should be noted that the healthy portion had a percentage of scabby 
looking kernels as well. The reason why NIR measurements of FDK and DON were 
weakly significantly correlated with other methods of FDK and DON estimates 
(except for the optical sorter, in which correlates were moderately related (r= 0.40) 
for NIRFDK2, and (r=0.38) for NIRDON2 (Table 3.1) might be because 2012 material 
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came from a dry non-favorable disease environment year for the disease. DON was 
weakly related to the other FDK and DON assessment methods, with the exception 
of the optical sorter FDK method, which was moderately correlated (r= 0.37), and 
rating (r= 0.46), index (r= 0.44), and heading date (r= 0.46) (Table .3.1). The optical 
sorter FDK estimate was better in estimating FDK comparing with other methods 
because it is the only method that had moderate correlation with DON (r=0.37), 
NIRFDK1 (r=0.37), NIRFDK2 (r=0.41), NIRDON1 (r= 0.35), NIRDON2 (r=0.38), air 
separation FDK (r=0.42), and adjusted air separation FDK (r=0.39) (Table 3.1). 
 
Comparing all methods to traditional method of DON assessment 
 
Comparison of all the methods to DON (ppm) showed that the image based 
optical sorter is the best predictor of FDK percentage and DON. Comparing all of the 
methods with each other and with field data of FHB traits (plant height, heading 
date, incidence, severity, index, and rating), the same method was related to all FDH 
traits (Table 3.1). An advantage of this device is that the calibration could be 
changed according to the environmental conditions each year, and also it shows 
consistency of measurement. 
 
Relationship between FHB traits 
 
The correlation between DON and plant height was r=-0.31 (Table 3.2). The 
taller the plant, the lower the DON level was. Heading date was correlated 
moderately with DON (r=0.54), which means the later the heading dates, the higher 
the mycotoxin levels. The same relationship was found with FDK, but with lo wer 
correlations of FDK (r=0.40) on the basis of the image-based optical sorter. FDK and 
DON were correlated negatively with yield  (Table 3.2). DON was moderately 
correlated with rating (r=0.46), incidence (r=0.48), and FHB index (r=0.44). That 
means these traits reasonably are good predictors of DON (Table 3.1). 
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Measurement consistency 
Table 3.3 presents the ANOVA of all populations together and all other 
variables (visual estimate, optical sorter, air-separation, NIR, DON, severity, 
incidence, index, plant high, heading date, yield, and rating). It shows that the image-
based optical sorter, near infrared reflectance (NIR) measurement, vary in their 
ability to detect variation among the populations.  
 
 
Conclusion  
 
 FDK percentage on a count basis is more accurate than the weight basis, 
which was obvious in the visual estimate method although they were highly 
correlated. Visually adjusting the scabby portion (output of air separation machine) 
increases the accuracy of FDK percentage. Moderate correlations existed between 
FDK and DON measured by using traditional methods (FDK on basis of visual 
estimate, FDK on basis of air-separation, traditional methods of DON measurement), 
NIR, and image-based optical sorter. DON was correlated better with FDK measured 
by the image-based optical sorter than FDK measured by the air-separation 
machine, NIR, or a visual estimate. The image-based optical sorter is easier to run, 
not time-consuming compared to other methods since the speed of sorting can be 
adjusted according to the user, and its ability to detect variation among the 
populations at 0.05 level of significance. Over the twenty populations tested, the 
data suggest that the image-based optical sorter effectively provides a better way to 
assess FDK and DON. This method could accelerate FDK and DON assessment, and 
can be a great tool for breeding programs to assess and select for low FDK and DON. 
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Table 3.1: Pearson correlation coefficients between visual estimate on weight basis (Visual_W ) and on a count basis (n= 600 
kernels) (Visual _C), FDK assessed by air separation machine (AIR_S), FDK assessed by air separation machine with 
adjustment to scabby portion (AIR_S_J), FDK assessed by image-based optical sorter  (S_FDK), DON and FDK assessed by near 
infrared reflectance (NIR) using two different calibrations (NIRFDK1, NIRFDK2, NIRDON1, and NIRDON2), incidence (INC), 
severity (SEV), index, plant height (PH), heading date (HD), rating, yield, and deoxynivalenol (DON) Lexington, KY 2012.  
 
P-value ≤ 0.05 
FDK.VNO FDK.VWT FDK.ADJ FDK.AIR FDK.IBOS NIRFDK1 NIRDON1 NIRFDK2 NIRDON2 INC SEV Index HT rating	(0-9) HD Yield DONppm
FDK.VNO 1.00
1
FDK.VWT 0.95 1.00
<.0001 1
FDK.ADJ 0.24 0.13 1.00
0.0652 0.321 1
FDK.AIR 0.12 0.02 0.94 1.00
0.3686 0.8927 <.0001 1
FDK.IBOS -0.04 -0.07 0.39 0.42 1.00
0.7502 0.5829 0.0022 0.0009
NIRFDK1 0.26 0.19 0.17 0.17 0.37 1.00
0.0434 0.1475 0.1929 0.184 0.0039 1
NIRDON1 0.11 0.09 0.14 0.10 0.35 0.84 1.00
0.4199 0.5013 0.2911 0.4253 0.0062 <.0001		 1
NIRFDK2 0.28 0.21 0.19 0.18 0.41 0.97 0.83 1.00
0.0316 0.1135 0.149 0.1638 0.0013 <.0001		 <.0001 1.00
NIRDON2 0.14 0.13 0.17 0.14 0.38 0.85 0.99 0.84 1.00
0.2692 0.3209 0.2069 0.2956 0.0031 <.0001		 <.0001 <.0001 1
INC 0.01 -0.07 -0.07 -0.13 0.07 -0.05 -0.01 -0.04 -0.01 1.00
0.9211 0.5752 0.6024 0.3178 0.5913 0.7254 0.94 0.7748 0.9131 1
SEV 0.23 0.14 0.12 0.13 0.14 0.34 0.23 0.33 0.22 0.36 1.00
0.08 0.2762 0.3611 0.3268 0.2948 0.0086 0.0769 0.7748 0.0843 0.00 1
Index 0.13 0.02 -0.01 -0.04 0.11 0.16 0.12 0.16 0.11 0.83 0.80 1.00
0.3307 0.8626 0.9562 0.7427 0.4154 0.2149 0.3691 0.2079 0.4112 <.0001 <.0001 1
HT 0.25 0.35 0.18 0.19 0.06 -0.04 -0.03 -0.07 -0.03 -0.42 -0.16 -0.38 1.00
0.0521 0.0055 0.1642 0.1493 0.6747 0.793 0.8224 0.5813 0.8413 0.00 0.23 0.00 1
Rating	(0-9) 0.04 0.04 -0.25 -0.34 -0.04 -0.04 0.07 -0.02 0.10 0.49 0.15 0.41 -0.45 1.00
0.7337 0.7705 0.05 0.0073 0.6918 0.778 0.6085 0.9 0.4633 <.0001 0.26 0.00 0.00 1
HD 0.28 0.26 0.27 0.19 0.23 0.13 0.08 0.15 0.07 0.38 0.54 0.52 -0.11 0.03 1.00
0.0304 0.047 0.0345 0.1468 0.0721 0.3327 0.5451 0.2464 0.5906 0.00 <.0001 <.0001 0.38 0.83 1
Yield -0.18 -0.08 -0.02 -0.04 -0.09 -0.01 0.12 -0.05 0.11 -0.06 -0.16 -0.15 0.27 -0.22 -0.11 1.00
0.1638 0.5679 0.8955 0.7651 0.5062 0.9527 0.3567 0.6889 0.4097 0.63 0.2116 0.25 0.03 0.10 0.41 1
DONppm 0.22 0.16 0.08 -0.02 0.37 0.1 0.14 0.13 0.17 0.48 0.23 0.44 -0.24 0.46 0.46 -0.1 1
0.0988 0.2125 0.5321 0.8929 0.0037 0.4341 0.2777 0.3085 0.1966 <.0001 0.0792 0.0004 0.0597 0.0002 0.0002 0.447 1
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Table 3.2: Pearson correlation coefficients based on cycle means between rating, deoxynivalenol (DON), yield, heading date 
(HD), plant height (HT), index, severity (SEV), incidence (INC), DON and FDK assessed by near infrared reflectance (NIR) using 
two different calibrations (NIRDON1, NIRDON2, NIRFDK1, and NIRFDK2), FDK assessed by image -based optical sorter  
(FDK_IBOS), FDK assessed by air separation machine (FDK_AIR), FDK assessed by air separation machine with adjustment to 
scabby portion (FDK_ADJ), visual estimate on weight basis (FDK_VWT) and on a count basis (n= 600 kernels) (FDK_VNO) in 
Lexington, KY 2012. 
 
P-value ≤ 0.05 
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Table 3.3: ANOVA over the twenty populations for visual estimate on weight basis (FDK_VWT) and on a count basis (n= 6 00 
kernels) (FDK_VNO), FDK assessed by air separation machine (FDK_AIR), FDK assessed by air separation machine with 
adjustment to scabby portion (FDK_ADJ), FDK assessed by imaged based optical sorter  (FDK_IBOS), DON and FDK assessed by 
near infrared reflectance (NIR) using two different calibrations (NIRFDK1, NIRFDK2, NIRDON1, and NIRDON2), incidence 
(INC), severity (SEV), index, plant height (PH), heading date (HD), rating, yield, and deoxynivalenol (DON), Lexington, KY, 
2012. 
 
Source        df                                                                      Mean Square  
                                         
                                                         DON                 FDK_VNO            FDK_VWT           FDK_ADJ           FDK_AIR          FDK_IBOS          Rating (0-9) 
Population          19                    2.4 **                   88.1 **                  90.7 **                   1.0 **                   1. 3 **                  15.3 *                   0.01 ** 
Error                      40                    0.5                        16.4                       11.7                        0.3                   0.5                         8.2                    0.002 
Total                      59  
                                     NIRFDK1            NIRDON1             NIRFDK2            NIRDON2              INC                    SEV                      Index 
Population          19                    5.4                       10.4                           4.5                        9.4                  0.02 **              0.004                   0.002 * 
Error                      40                    7.1                       11.5                           6.4                      10.7                0.007                   0.003                   0.001 
Total                      59  
                            HT                          HD                         Yield   
Population          19                  14.8 **                   13.2  **                   46.4 **  
Error                      40                   2.6                           4.1                          21.4    
Total                      59                                                    
* P-value ≤ 0.05,          ** P-value ≤ 0.01       
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Figure 3.1: Regression of Fusarium damaged kernels estimated by visual assessment 
on weight basis (FDK_VWT) on visual assessment of FDK percentage on a count basis 
(n= 600 kernels) (FDK_VNO) in Lexington 2012. 
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Figure 3.2: Regression of Fusarium damaged kernels estimated by the first NIR 
calibration (NIRFDK1) on FDK percentage estimated by the second (NIR) calibration 
(NIRFDK2) in Lexington 2012. 
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Figure 3.3: Regression of Fusarium damaged kernels percentage estimated by air 
separation machine on  the scabby portion adjusted according to (FDK_ADJ) fraction 
weight basis (FDK_AIR) in Lexington 2012. 
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Figure 3.4: Regression of Fusarium damaged kernels assessed by air separation 
machine on adjusted  weight basis (FDK_ADJ) on FDK assessed by image-based 
optical sorter (FDK_IBOS) in Lexington 2012. 
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Figure 3.5: Regression of Fusarium damaged kernels measured (FDK_IBOS) image-
based optical sorter on deoxynivalenol level (DON; ppm) in Lexington 2012. 
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Chapter Four 
Determining The Effect of Mass Selection for FHB Resistance Using an Image-Based Optical 
Sorter 
Introduction 
Fusarium head blight (FHB) or head scab, caused by Fusarium graminearum Schwabe 
[telomorph: Gibberella zeae Schwein.(Petch)], is one of the most destructive diseases of 
wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) worldwide. It has recently 
reemerged as a disease of economic importance throughout the world. In the United States 
and Canada, Fusarium head blight in the 1990s has caused epidemics of varying severity on 
barley and on all classes of wheat. It has caused epidemics in 26 states in the United States 
(Windels, 2000). Scab outbreaks have been recorded in Europe, Asia, and South America as 
well, and each country continues to struggle with this devastating disease (McMullen, 1997). 
Damage produced by the fungus includes: reduction of yield, mycotoxins contamination, 
discoloration, shriveled “tombstone” kernels and reduction in seed quality. The disease also 
reduces the test weight and lowers the market grade because diseased kernel are light and 
shriveled (McMullen, 1997). Wheat and barley losses caused by FHB epidemics in the United 
States in the 1990s were an estimated $3 billion and ranked as the worst plant disease to hit 
the nation during the past seven decades (Windels, 2000). 
Host resistance is considered to be the most practical and effective strategy of 
controlling scab disease, although breeding has been hindered by the complexity of the 
resistance, a lack of effective resistant genes, and disease assessment difficulty and cost 
(Rudd et al., 2001b). Multiple genes whose effects are greatly influenced by the environment 
are control to FHB (Lin et al., 2006; Parry et al., 1995). This complexity has made breeding of 
FHB resistance very difficult and time consuming (Lin et al., 2006). Several different 
assessment methods have been used depending on types of resistance (Mesterhazy, 1995). 
Five resistance components have been characterized first by Mesterhazy, and each 
require different methods of assessment (Mesterhazy, 1995): resistance to initial infection 
(type I), resistance to disease spread within spike (type II), resistance to kernel infection 
(type III), tolerance to Fusarium (IV), resistance to toxins (e.g. deoxynivalenol) (type V). 
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Numerous strategies for scab resistance breeding are in use, including phenotypic 
selection for low severity (Agostinelli, 2009; Verges, 2006) and marker-assisted selection for 
resistance QTL  The most destructive consequences of scab are evidenced through a 
reduction in grain quality, and the presence of mycotoxins, the most common of which is  
DON (Balut, 2012).  Thus, there is great interest among breeders in selecting for resistance to 
both of these traits. Direct assessment of FDK and DON is expensive and time consuming for 
both types of resistance (resistance to kernel infection and mycotoxin accumulations) 
(Agostinelli, 2009; Foroud, 2011; Rudd et al., 2001b). The shortage of seeds in early 
generations makes it difficult to work with these two types of resistance (Rudd et al., 2001b). 
Indirect methodologies of measurements of FDK have drawbacks: chaff symptoms might not 
reflect FDK percentage by measuring incidence and severity (Agostinelli, 2009; Mesterházy et 
al., 1999; Verges, 2004). Taking notes in more than one location makes it difficult and 
evaluation would be personnel dependent (Agostinelli, 2009). Determination of the best time 
for symptoms measurement is difficult because the optimal time for each genotype is 
different, and environmental factors affect symptoms expression (Agostinelli, 2009; Verges, 
2006). Choosing random samples in an effective way for incidence and severity in each plot 
or head rows is also difficult (Agostinelli, 2009). 
FDK measurement is a good way to assess FHB; it could be more efficient than chaff 
symptoms evaluation(Agostinelli, 2009; Balut, 2012). Visual comparison and manual 
separation are two different ways of FDK evaluation (Agostinelli, 2009; Jones and Mirocha, 
1999; Verges, 2006). Manual separation is a more effective way of FDK evaluation and mass 
selection than visual evaluation (Agostinelli, 2009). 
Mass selection is selecting the best individuals from the current population to form 
the next generation. It is one of the oldest plant breeding methods to enhance germplasm and 
develop improved cultivars (Burton, 1990). It can be an effective plant-breeding tool for 
relatively high heritability traits. This breeding method increases frequencies of desirable 
genes (Redden and Jensen, 1974). For improving FHB resistance, breeders attempt to 
recombine different sources and types of resistance, while simultaneously selecting for FHB 
resistance and desirable agronomic performance. Most, if not all, have found genetic 
variability for FHB resistance in their existing germplasm. The level of resistance will 
increase in this adapted germplasm pool as programs actively screen for FHB resistance 
(Rudd et al., 2001a).  
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Breeders use phenotypic and genotypic selection for FHB resistance. Direct (ex, 
chemical concentration of DON) and indirect (ex, NIRFDK) methods of selection to 
differentiate healthy and infected plants and kernels are used as phenotypic selection criteria. 
One cycle of either direct or indirect simulated phenotypic selection was effective in reducing 
the DON level and enriching the population with lines homozygous at resistance QTL (Balut, 
2012). 
For genotypic mass selection and FDK evaluation, several approaches could be used: 
digital image analysis (Agostinelli et al., 2007; Wiwart et al., 2001), air separation (Agostinelli, 
2009; Balut, 2012), and near infrared reflectance (Balut, 2012; Peiris et al., 2009). The 
objective of this study was to determine how effect is mass selection for FHB resistance using 
an image-based optical sorter manufactured by USDA / ARS, and National Manufacturing CO. 
Unselected populations (C0) were compared with similar populations that had been selected 
between one and four cycles (C0 –C4). Another objective was to see the effectiveness of sorting 
by comparing the C4 selected and rejected grain fraction of two methods in addition to the 
image-based sorter method, using LED and single kernel NIR sorters. Thirdly, lines were 
derived from C0 and C3 of two populations to compare genetic variation within populations 
and to assess the effect of selection on the magnitude of genetic variation with and without 
sorter selection. 
Materials and Methods 
Twenty sets of F5 wheat populations from 2- and 3-way crosses among adapted 
parents   were evaluated in this study in 2013 (Table A.3.4). Seeds of these populations from 
different cycles of selection were planted in 2 years (2012 and 2013), with two replications at 
two locations in 2013 (Lexington and Princeton, KY). The 20 populations were planted in 
non-replicated plots in 2012 at one location, Lexington, KY , and also in the irrigated, 
inoculated FHB nursery in 2013. The Lexington plots and nursery were located on Spindletop 
Research Farm (38°7’37. 81’’ N, 84°29’44. 85’’ W; Maury silt loam [fine, mixed, semiactive, 
mesic Typic Paleudalfs]) near Lexington, KY (LEX). Lexington plots were planted on 25 
October 2012 for the 2013 season. Princeton plots were planted on 22 October 2012 (for 
2013 season) at the Western Kentucky Research and Educational Center (37°6’7.37’’ N, 
87°52’13.62’’ W; Crider silt loam [fine-silty, mixed, active, mesic Typic Paleudalfs]) near 
Princeton, KY (PRN). Recommended agricultural practices for wheat production in Kentucky 
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were followed (Lee et al., 2009). 
The grain used for this study was sorted on a USDA/ARS and National Manufacturing 
Seed Sorter System with color camera according to a calibration that reflected visual 
differences between asymptomatic grain and grain showing FHB symptoms. Calibrations for 
the image-based optical sorter, done each year depending on the environment and the 
severity of disease, was done by Dr. David Van Sanford and Dr. Anthony Clark. After 
calibration, the device was used for mass selection and/ or sorting. The components of the 
device are: color camera, air compressor, three air guns that can be adjusted up and down, 
vibrating grain bar that is underneath an input grain container, and two other containers for 
the output (one for the asymptomatic grains and the other for symptomatic kernels). It has a 
control panel that has a system and camera on / off switch and also has a dial that is used to 
increase and decrease the vibrations, and that results in an increase / decrease in the speed 
of the selecting and sorting process (15-g sample takes 45 seconds to be sorted on the 
medium vibrated speed). After putting a sample in the input container, kernels drop down 
from a small hole at the bottom and onto the vibrating bar. The vibrating bar shakes the 
kernels until they reach the other end of it; they then drop down and are expose to the 
camera. The system analyzes the image and directs the three air guns to shoot the 
symptomatic kernels to be sorted and collected in the scabby container, and the healthy 
looking kernels continue falling down to the healthy container.  
Seeds from unselected population (C0) and seeds from three cycles of selection (C1, C2, 
C3) were grown in 6 row, 3-meter long plots at both LEX and PRN in 2013 in RCB experiment 
with two replications. 
 For the scab nursery bulk experiment, seeds of the C0, C1, and C2 of each population 
with the same calibration above were planted in the scab nursery in addition to C3  seeds that 
came from a selection scheme using three different kinds of sorters. C3 seeds of the two-
sorted fractions were planted separately. Accepted and rejected C3 seeds sorted by the image-
based sorter, accepted and rejected C3 seeds sorted by an LED sorter, and accepted and 
rejected C3 seeds sorted by a Single Kernel Near Infrared Reflectance (SKNIR) sorter were 
planted. These seeds were planted in rows 1.2 meters long and 30 centimeters apart in the 
nursery. The scab nursery was irrigated with an overhead mist irrigation system that works 
automatically 15 times a night for 5 minutes each to provide favorable disease conditions 
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from 8:00 pm to 8:30 am. The system operated from 8:00pm to 8:00am, beginning 22 April 
2013 prior to heading. The irrigation system switched off from 25 April to 1 May 2013 
because plants were very wet and the humidity level was high. 
 Two populations of the 20 were chosen for a derived line experiment based on their 
performance in the 2012 non-replicated plot experiment. These populations were population 
number 1 (KY07C-1056; KY93C-0004-22-1/25R37//VA05W-517), and population number 
17 (KY07C-1347; Truman/IL99-15867//VA03W-409). For each population, seeds of lines 
derived from 30 plants in the unselected base population (C0) and the (C2) were planted in 
the scab nursery in head rows.  
Disease Inoculation 
 The two scab nursery experiments and both plot locations in 2013 were inoculated 
with scabby corn (Zea mays L.) (Balut, 2012). A number of isolates of Fusarium 
graminearum taken from scabby wheat seed collected from 2010 to 2013 in multiple 
locations across Kentucky were used for inoculation. Corn was spread on plastic sheets 
and set to imbibe water on 13 March 2013 before autoclaving. After autoclaving on 14 March 
2013, PDA plugs of F. graminerium were mixed with 0.2-gram streptomycin in 50 ml sterile 
water and applied to the corn on 15 March 2013 at room temperature until corn was fully 
colonized by the fungus. Colonization took about three weeks. Scabby corn was stored in a 
freezer after being placed in mesh bags.  
  Inoculum was spread prior to heading between the scab nursery rows of a rate of 
about 11.86 g m2 on 15 April 2013. On 9 April 2013 the non irrigated plots were inoculated 
with a corn mixture of a 35.4 gm-2 within each plot at PRN and on 16 April 2013 at LEX.  
Field disease evaluations  
Lexington scab nursery 
Daily heading notes were taken in the scab nursery for both experiments (derived 
line and bulk). Head rows that headed first were scored for disease first. Heading took place 
between 11 May  and 27 May 2013. Disease incidence was calculated as the number of 
visually infected spikes divided by the total number of observed spikes per head row (20 
heads per row). Disease severity assessment was done by counting the number of visually 
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infected spikelets and dividing it by the total number of spikelets in ten randomly chosen 
heads from each row. Along with taking incidence and severity, rating was taken as well by 
visually estimating the proportion of scabby heads on a scale from 0 to 9 (9 means all heads 
in that head row showed FHB symptoms).  The scoring was occurred 24 days after heading 
date. Height (cm) during the seed-filling period was recorded. 
 Lexington and Princeton plots 
Daily heading notes were taken in the field in both locations for the six-row plots. 
Plant heading date took place between 18 April and 29 April 2012 and 11 May  and 17 May 
2013 for LEX experiment plots, and 4 May    and 17 May 2013 for PRN experiment plots. The 
readings were taken 24 days after the heading date in 2013 and after 28 days in 2012. 
Disease incidence, severity and rating were not scored for the 2013 Princeton plots, but they 
were scored in the Lexington plots in both years. FHB incidence was calculated as the number 
of visually infected spikes divided by the total number of chosen spikes from each plot (on a 
basis of 50 heads per plot in 2013 and 100 heads per plot in 2012). Disease severity was 
estimated by dividing the number of visually infected spikelets by the total number of 
spikelets in 10 randomly chosen heads (30 randomly chosen spikelets for 2012 sev erity). 
Height (inch) of two plants per plot during the seed-filling period was recorded and averaged 
in both locations, and plot length (inch) was recorded as well.  
Harvesting, cleaning, and sampling 
 The six-row plots were harvested with a small plot combine with a minimum of 
forced air to minimize light seed loss at harvest maturity stage.  Plot yields were carefully 
cleaned manually with a minimum of forced air for the same reason. Containers that hold 
approximately fifteen-grams of grain were used for taking samples from each plot yield for 
FDK and DON assessment in 2012 and 2013.  
 The scab nursery was harvested by sickling the 1.2-meter long rows using hand 
sickles and banding each row by it-self (above ground plants were cut). Threshing of the 
sickled head rows was done in a few days after harvest. They were threshed by a small 
thresher with a minimum of forced air to minimize light seed loss (tombstones), which was 
designed for this reason. Plot and scab nursery yields were cleaned using a cleaning machine. 
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FDK and DON Assessment  
FDK (%) was visually estimated for each sample (approximately 15 g) of the 2013 
materials (including scab nursery kernels of both the derived line and bulk experiments, and 
Lexington and Princeton plots kernel samples). Some derived line samples weighed less than 
15 g, but that did not affect the test since it had a proportion of FDK in the sample.  The same 
samples were run into an air-separation machine specifically developed from a Precision 
Machine head thresher and a Shop-Vac vacuum to separate infected kernels from healthy 
kernels in 2012 and 2013 (Agostinelli, 2009). The FDK evaluation took around 50 seconds 
per sample, and the net time that seeds were run into the machine by exposing them to the 
air was 10 seconds. Two fractions from each sample using this machine were obtained. The 
lighter portion of wheat (estimated as scabby kernels) was weighed, and mixed with the 
heavier portion of wheat (estimated as healthy kernels) and weighed again to get the total 
weight of each sample. Visual estimation of FDK was scored for the light portion to have an 
adjusted weight of the scabby portion. Visual estimation of the scabby fraction was taken to 
make an adjustment for the scabby weight because in some samples researchers observed 
some asymptomatic grains. This adjustment was not made because of the differences 
between symptomatic and asymptomatic weight, but because of the differences between the 
size and the weight of different varieties, in which some asymptotic kernel varieties weighed 
more or less than others of the same size. Data was entered into a Microsoft Excel (2007) 
spreadsheet that was used to calculate FDK proportion for each sample using the following 
formulas: 
FDK (%) = ( SSW /  TSW ) * 100 
For adjusted FDK after multiplying the light portion by visual proportion the formula was: 
FDK_ADJ (%) = ( SW  /  TW ) * 100 
Where 
SSW = Scabby seed weight (g) 
TSW = Total seed weight (g) 
SW = Adjusted scabby seed weight (g) 
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For deoxynivalenol (DON) measurement, the same (15 g) samples of both scab 
nursery experiments (derived line and bulk) were sent in coin envelopes to the University of 
Minnesota DON testing Lab for DON analysis. DON concentration (ppm) was measured by gas 
chromatography with mass spectrometry (GC-MS) according to (Agostinelli, 2009). Fusarium 
damaged kernels in 2012  were assessed by air machine separation, visual estimate, near 
infrared reflectance (NIR), and image-based optical sorter.   
Statistical analysis 
FHB and agronomic traits were estimated on an entry mean basis using the 
following model 
Yi,j,k = μ + Lk + Ri (k) + Cj + Pk(j) + εi,j,k 
Where: Yi,j,k, = the observation in the jth selection cycle in the jth replication in the kth  
location, μ = the overall mean, Lk = the effect of kth location, Ri (k)  = the effect of ith 
replication within location, Cj = the effect of jth selection cycle, Pk (j) = the effect of kth 
selection cycle within location , εi,j,k  = the residual error. 
FHB and agronomic traits in the scab nursery were estimated on an entry 
mean basis using the following model 
Yi,j,k = μ + Ri + Cj + Pk (j) + εi,j,k 
Where: Yi,j,k, = the observation in the kth genotype in the jth selection cycle in the jth 
replication, μ = the overall mean, Ri = the effect of ith replication, Cj = the effect of jth 
selection cycle, Pk (j) = the effect of kth  population in selection cycle, εi,j,k  = the residual 
error. 
 
Data were analyzed using the General Linear Model procedure (Proc GLM; SAS 2009, 
Proc ANOVA; SAS 2009, and Proc mean; SAS 2009). 
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Results and discussion  
2012 Data 
 
This data presents significant differences among genotypes (Table 4.1). We 
expected to see a difference in the selection cycle means for FDK and DON. However, 
The ANOVA for all variables across all populations showed no evidence to support 
this idea (Table 4.2). With this in mind, some populations show non-statistically 
significant reduction with selection (eg, population 1 and 11; Figures A.4.7 and A.4.8). 
However, it is important to note that the power of this test was small due to lack of 
replication in 2012.  
 
Table (A.3.7) shows an ANOVA of DON and FDK response to selection. It 
appears that for Cycle (C0) that (DON ppm) and FDK (measured by optical sorter) did 
not have a statistically significant relationship at an alpha level of 0.05, but Cycles (C 1) 
and (C2) are significantly different at P ≤ 0.05. In cycles (C0) and (C1) the optical sorter 
FDK and air separation FDK did not have a statistically significant relationship at an 
alpha level of 0.05, but (C2) did; and the same was true for the NIRFDK. The rating did 
not have a statistically significant relationship for the three cycles. 
 
Don reduction with cycles of selection from (C0, C1, C2) varied among the 
twenty populations according to the image-based optical sorter. Although in most of 
the populations there was no significant (P ≤ 0.05) effect of selection (FDK and DON 
reduction), in some populations there was a reduction in FDK (%) and DON (ppm) 
from cycle to cycle of mass selection. For example, population 1 and 11 had negative 
non-statistically significant relationship between cycles and DON (P-value= 0.1888 
and 0.1789 respectively) (Figures A.4.7 and A.4.8), while populations 14 and 10 had a 
very strong positive linear relationship (P-value <.0001, 0.0245 respectively) (Figure 
A.4.9). Populations 6 and 17 had a slight positive relationship (P-value= 0.1210 and 
0.1789 respectively) (Figure A.4.10). 
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2013 Data 
Effect of Selection on Bulk Population 
 
Over the twenty populations tested, it appears that the image-based optical 
sorter effectively provided a better way to select for reduced FDK. Even though, there 
was no significant FDK reduction with selection (C0, C1, C2, C3)(Table 4.3 and 4.4), 
cycle means shows a slight reduction when the 20 populations treated as one set of 
populations (Table A.4.1). Significant differences among genotypes were observed 
(Table 4.3) 
 
Some genotypes had numerical and some others had significant reduction P ≤ 
0.05 in FDK percentage either at all locations (e.g. populations 3, 15, and 20 in 
Lexington; Figures A.4.4 and A.4.5), 3, 14, 17, and 20   in Princeton (Figures A.4.1, 
A.4.2, A.4.3), and 1, 7, 11, 13, 18, and 20 in the scab nursery (Table 4.5). Population 20 
and 11, for example, had an FDK reduction from one selection cycle to the next in all 
locations (Table 4.5). In the same way, Populations 6, 9, 11, 15, 17 19, and 20 had 
DON reduction with selection (Table 4.6). This result is consistent with the 2012 data 
for the same 20 populations, in which some genotypes had either numerical or 
statistically significant reduction (P ≤ 0.05) in FDK percentage and DON level.  
 
Except for populations 1 and 4, all populations were significantly different 
among the three locations at P ≤ 0.01 (Table 4.7). Different environments had 
significantly different levels of FDK. For example Figure 4.1 presents FDK in the three 
locations, which was lower in PRN and significantly higher in LEX, and for the scab 
nursery was significantly higher than other locations. The grand mean of FDK at PRN 
was 9.0 and 14.7 at LEX and 19.9 in the scab nursery (Table A.4.2).  
 
The cycle C3 cycle of selection was based on the 2012 calibration and 2012 
plots. The 2012 scab plots had a very low level of scab, which probably due to the dry 
weather. The calibration used that year was different from the 2011(C2) and 2010 
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(C1) ones and was based on less scabby grain from 2012. Data from the C0, C1, C2 from 
2013 shown in Tables 4.5 and 4.6. Some populations had significant FDK reduction, 
population 9 for example (Figure A.4.11).  
 
C4 Accepted and Rejected  
 
The accepted and rejected C3 fractions that were sorted by the single kernel 
near infrared reflectance sorter (SKNIR) had highly significant differences  (Table 4.8). 
The difference was significant at P ≤ 0.01 for all FHB traits (eg, FDK and DON). Table 
A.4.3 presents means of FHB traits of each set of accepted and rejected. It is obvious 
that the means of FDK and DON were higher in the rejected fraction. Mass selection, 
using an LED sorter presented no significant differences between the two C3 fractions 
at 0.05 level of significance (Table 4.9). Heading date and FHB rating were 
significantly different between accepted and rejected fractions that were separated 
by an image-based optical sorter (Table 4.10), and other traits had an FDK and DON 
reduction according to their cycle means (e.g. severity). Other FHB traits, FDK and 
DON for example, present non-significant differences between the two fractions, but 
there are numerical FDK and DON reduction due to selection using optical sorter . The 
accepted fractions had a lower FDK and DON mean (Table 4.11).  
 
There were significant differences among the 20 populations for all of the 
three sorters above. FDK, significantly different between accepted and rejected 
fractions for populations 11, 14, 17, and 20 at P ≤ 0.05 significant level bases on 
SKNIR, and other populations were very close to significantly different (Table A.4.4). 
Although accepted and rejected fractions were sorted on 2012 calibration using an 
image-based optical sorter, which based on 2012 plots that had low FDK (%) and 
DON (ppm) because that year was dry, the accepted fraction was lower in FDK and 
DON non significantly compared with the rejected fraction (Table 4.11). 
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Conclusions 
 
 Overall, based on the experiments that were done in this study, the image-
based optical sorter made numerical progress in FDK and DON reduction for some 
populations from one selection cycle to the next. Some genotypes responded to 
selection more than others, for example, population 20 and 11 had FDK and DON 
reduction with selection at all locations that were tested in this experiment. When the 
C3, which was selected based on 2012, and that year was dry, and FDK (%) was low 
because of that), more populations showed reduction in FDK and DON over all 
locations. Population 9 had significant FDK reduction in these three cycles  in the scab 
nursery. Accepted and rejected fractions from SKNIR instrument were different, and 
lower FDK and DON means for the accepted, although sorting was also based on the 
2012 calibration. This device could accelerate reduction in FDK and DON, and be a 
useful tool for mass selection and breeding programs. 
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Table 4.1: ANOVA over the twenty populations for visual estimate on weight basis (FDK_VWT) and on a count basis (n= 600 
kernels) (FDK_VNO), FDK assessed by air separation machine (FDK_AIR), FDK assessed by air separation machine with 
adjustment to scabby portion (FDK_ADJ), FDK assessed by imaged based optical sorter  (FDK_IBOS), DON and FDK assessed by 
near infrared reflectance (NIR) using two different calibrations (NIRFDK1, NIRFDK2, NIRDON1, and NIRDON2), incidence 
(INC), severity (SEV), index, plant height (PH), heading date (HD), rating, yield, and deoxynivalenol (DON), Lexington, KY, 
2012. 
 
 
Source        df                                                                      Mean Square  
                                         
                                                         DON                 FDK_VNO            FDK_VWT           FDK_ADJ           FDK_AIR          FDK_IBOS          Rating (0 -9) 
Population          19                    2.4 **                   88.1 **                  90.7 **                   1.0 **                   1.3 **                  15.3 *                   0.01 **  
Error                      40                    0.5                        16.4                       11.7                        0.3                   0.5                         8.2                    0.002 
Total                      59  
                                     NIRFDK1            NIRDON1             NIRFDK2            NIRDON2              INC                    SEV                      Index 
Population          19                    5.4                       10.4                           4.5                        9.4                  0.02 **              0.004                   0.002 * 
Error                      40                    7.1                       11.5                           6.4                      10.7                0.007                   0.003                   0.001 
Total                      59  
                            HT                          HD                         Yield   
Population          19                  14.8 **                   13.2  **                   46.4 **   
Error                      40                   2.6                           4.1                          21.4    
Total                      59                                                    
* P-value ≤ 0.05,          ** P-value ≤ 0.01    
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Table 4.2: ANOVA of mass selection (C0, C2, and C3) using an imaged based optical sorter. Cycles assessed for deoxynivalenol  (DON), 
Fusarium damaged kernels (FDK) estimated by visual estimate on a count basis (n= 600 kernels) (FDK_VNO) and on weight basis 
(FDK_VWT), FDK assessed by air separation machine with adjustment to scabby portion (FDK_ADJ), FDK assessed by air separation 
machine (FDK_AIR), FDK assessed by image-based optical sorter  (FDK_IBOS), FDK and DON assessed by near infrared reflectance 
(NIR) using two different calibrations (NIRFDK1, NIRFDK2, NIRDON1, and NIRDON2), incident (INC), severity (SEV), index, plant height 
(HT), heading date (HD), yield, and rating, Lexington, KY, 2012. 
 
 
Source        df                                                                                  Mean Square             
                                          
                                                            DON           FDK_VNO      FDK_VWT          FDK_ADJ               FDK_AIR            FDK_IBOR  
Cycles              2                                 0.3                     49.4                 47.3                   0.08                          0.1                     13.8  
Error              57                                 1.1                     39.2                 36.8              0.6                          0.8                     10.3 
Total              59                                                                                                                                                                                            
                                          NIRFDK1           NIRDON1          NIRFDK2        NIRDON2                  INC                      SEV                 
Cycles               2                                 0.7                       0.1                    0.9                    0.6         0.0009                  0.003       
Error               57                                 6.8                     11.5                    6.0              10.6                         0.01                  0.003        
Total               59              
                              Index                    HT                     HD              Yield     Rating (0-9)  
Cycles               2                            0.0004                     1.2                     4.5                    22.5                      0.003  
Error               57                              0.001                     6.7                     7.1                    30.1                      0.005    
Total               59                                                    
* P-value ≤ 0.05,          ** P-value ≤ 0.01       
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Table 4.3: ANOVA of selection cycles C0, C1, C2, C3 using an imaged-based optical sorter. The kernel damage was assessed by 
visual estimate (FDK_VST), FDK proportion of air separation machine with visually adjusted scabby portion (FDK_ADJ), air 
separation machine (FDK_AIR). Other traits were heading date (HD), plant height (HT), DON, severity (SEV), incidence (INC), 
FHB index, and rating. 
 
Source               df                                                                                                        Mean Square  
                                                                             FDK_VST                                  FDK_ADJ                               FDK                                       HD                                        HT 
REP                             1                                       390.6                              101.2                                  110.8                                     0.1                         0.006             
SELEC                         3                                       530.6                                          34.0                                     36.9                                      0.9                                       2.8 
POP                          19                                     2901.6 **                                  183.7 **                          176.6 **                                 8.0 **                            20.1 
Error                     117                                       413.4                                            56.2                                    55.0                                      0.7                              2.6 
Total                      159                                                                                                                                                                                                                  
                                                                               DON                                             SEV                                      INC                                     INDEX                              RATING 
REP                              1                                           3.1                                78.4                           40.0                            55.8                              1.4 
SELEC                         3                                         29.0                                         20.6                           23.5                                       17.9                                     1.8 
POP                           19                                     205.9 **                          162.9 **                    522.6  **                            137.0 **                              5.7 ** 
Error                      117                                        22.9                                38.7                          152.3                                      25.7                              1.0  
Total                      159                                                                                                                                                                                                                  
* P-value ≤ 0.05             ** P-value ≤ 0.01 
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Table 4.4: ANOVA of FDK and ADJ_FDK, Princeton and Lexington, KY 2013. 
 
 
Variables              df                                                                                              MS                                     
                                                                          -----FDK-----                                                                   ---ADJ_FDK--- 
LOC                                   1                                                   2601.1 **                                                                              1808.9 **    
REP (LOC)                      2                                11.5                                  4.3                                                 
POP                         19                                                      94.3                                                                                                  78.8                              
SELEC                  3                                43.2                                                                         38.4                         
LOC*POP                      19                                                      75.2                                                                                             63.1         
Error                           276                                                      70.3                                                                                            61.1 
Total       319  
                                                                                         -------HT-------                                                                                   ---------HD-------- 
LOC                                 1                                                     628.6 **                                                                                             6037.8 **          
REP (LOC)                     2                                                       50.8 **                                                          2.1                                 
POP                       19                                                       54.1 **                                                                                                  11.9 **                          
SELEC               3                                                       15.0 *                                                         0.6                        
LOC*POP                    19                                                       11.8 **                                                                                         5.2 **          
Error                         276                                                         4.6                                                                                               1.0 
Total     319  
                                                                                       --------(LOD)-------                                                                              ---------Yield-------- 
LOC                                1                                                        16.5 **                                                                                             31777.2  **               
REP (LOC)                   2                                      2.2 **                                                                                                2754.9 **                                     
POP                      19                                                           0.2 **                                                                                                  398.1 **                             
SELEC         3                                          0.06                                                                                                  29.6          
LOC*POP                   19                                                           0.1 **                                                                                       391.6 **       
Error                        280                                                         0.05                                                                                            111.0 
Total    319   
* P-value ≤ 0.05 
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Table 4.5: FDK (%) cycle means and standard errors for populations 1-20 of Lexington (LEX), Princeton  (PRN), and the scab 
nursery (SCNUR), 2013. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
LEX PRN SCNUR
POP C0 C1 C2 C3 C0 C1 C2 C3 C0 C1 C2 C3
1 11.7 ± 3.1 17.3 ± 3.1 10.1 ± 3.1 19.2 ± 3.1 6.7 ± 2.1 12.6 ± 2.1 8.3 ± 2.1 10.3 ± 2.1 20.7 ± 5.0 15.7 ± 5.0 15.0 ± 5.0 15.8 ± 5.0
2 8.6 ± 3.1 16.7 ± 3.1 10.1 ± 3.1 15.1 ± 3.1 9.2 ± 2.1 10.5 ± 2.1 6.7 ± 2.1 10.8 ± 2.1 15.9 ± 5.0 13.8 ± 5.0 15.5 ± 5.0 12.4 ± 5.0
3 14.4 ± 3.1 12.3 ± 3.1 13.2 ± 3.1 11.8 ± 3.1 12.7 ± 2.1 11.8 ± 2.1 8.8 ± 2.1 8.9 ± 2.1 19.3 ± 5.0 15.1 ± 5.0 17.9 ± 5.0 25.0 ± 5.0
4 15.1 ± 3.1 19.1 ± 3.1 8.9 ± 3.1 22.1 ± 3.1 10.4 ± 2.1 8.1 ± 2.1 9.2 ± 2.1 12.0 ± 2.1 14.5 ± 5.0 14.6 ± 5.0 13.8 ± 5.0 17.1 ± 5.0
5 11.8 ± 3.1 10.9 ± 3.1 13.6 ± 3.1 12.7 ± 3.1 7.2 ± 2.1 9.1 ± 2.1 8.0 ± 2.1 8.5 ± 2.1 15.5 ± 5.0 20.3 ± 5.0 17.7 ± 5.0 21.7 ± 5.0
6 8.8 ± 3.1 8.3 ± 3.1 9.8 ± 3.1 11.0 ± 3.1 9.7 ± 2.1 7.8 ± 2.1 8.6 ± 2.1 10.2 ± 2.1 16.2 ± 5.0 17.6 ± 5.0 16.6 ± 5.0 19.0 ± 5.0
7 8.8 ± 3.1 9.2 ± 3.1 16.0 ± 3.1 17.0 ± 3.1 9.6 ± 2.1 9.8 ± 2.1 8.6 ± 2.1 10.1 ± 2.1 26.4 ± 5.0 20.8 ± 5.0 21.1 ± 5.0 21.8 ± 5.0
8 10.8 ± 3.1 11.6 ± 3.1 14.2 ± 3.1 6.0 ± 3.1 9.4 ± 2.1 8.3 ± 2.1 9.1 ± 2.1 9.0 ± 2.1 20.7 ± 5.0 63.5 ± 5.0 21.4 ± 5.0 23.8 ± 5.0
9 7.8 ± 3.1 15.3 ± 3.1 11.9 ± 3.1 12.3 ± 3.1 4.6 ± 2.1 6.3 ± 2.1 6.5 ± 2.1 8.2 ± 2.1 22.1 ± 5.0 15.7 ± 5.0 14.0 ± 5.0 18.1 ± 5.0
10 17.6 ± 3.1 10.0 ± 3.1 10.0 ± 3.1 12.2 ± 3.1 6.9 ± 2.1 11.1 ± 2.1 7.9 ± 2.1 6.4 ± 2.1 22.2 ± 5.0 21.2 ± 5.0 23.1 ± 5.0 22.5 ± 5.0
11 11.7 ± 3.1 14.4 ± 3.1 11.7 ± 3.1 17.9 ± 3.1 7.0 ± 2.1 6.6 ± 2.1 6.3 ± 2.1 7.8 ± 2.1 26.7 ± 5.0 14.6 ± 5.0 17.3 ± 5.0 15.3 ± 5.0
12 10.2 ± 3.1 9.7 ± 3.1 8.5 ± 3.1 16.4 ± 3.1 10.1 ± 2.1 10.6 ± 2.1 11.2 ± 2.1 10.2 ± 2.1 21.3 ± 5.0 20.5 ± 5.0 20.0 ± 5.0 21.8 ± 5.0
13 11.9 ± 3.1 18.1 ± 3.1 10.6 ± 3.1 16.3 ± 3.1 4.4 ± 2.1 5.5 ± 2.1 6.8 ± 2.1 6.0 ± 2.1 19.8 ± 5.0 16.3 ± 5.0 18.9 ± 5.0 16.4 ± 5.0
14 13.0 ± 3.1 12.1 ± 3.1 7.7 ± 3.1 21.1 ± 3.1 4.8 ± 2.1 8.0 ± 2.1 7.4 ± 2.1 4.7 ± 2.1 16.2 ± 5.0 15.2 ± 5.0 14.5 ± 5.0 15.9 ± 5.0
15 16.4 ± 3.1 15.3 ± 3.1 11.6 ± 3.1 10.5 ± 3.1 7.4 ± 2.1 8.5 ± 2.1 7.4 ± 2.1 9.7 ± 2.1 12.4 ± 5.0 15.3 ± 5.0 16.9 ± 5.0 13.0 ± 5.0
16 6.7 ± 3.1 11.4 ± 3.1 13.2 ± 3.1 8.2 ± 3.1 8.7 ± 2.1 6.7 ± 2.1 8.1 ± 2.1 9.4 ± 2.1 15.4 ± 5.0 14.8 ± 5.0 14.6 ± 5.0 18.3 ± 5.0
17 12.8 ± 3.1 11.7 ± 3.1 15.1 ± 3.1 18.2 ± 3.1 12.4 ± 2.1 7.4 ± 2.1 7.3 ± 2.1 6.3 ± 2.1 25.7 ± 5.0 25.2 ± 5.0 28.2 ± 5.0 26.7 ± 5.0
18 8.3 ± 3.1 10.8 ± 3.1 11.0 ± 3.1 8.0 ± 3.1 5.7 ± 2.1 8.0 ± 2.1 6.3 ± 2.1 7.0 ± 2.1 37.3 ± 5.0 26.6 ± 5.0 23.5 ± 5.0 22.9 ± 5.0
19 8.6 ± 3.1 11.8 ± 3.1 10.1 ± 3.1 9.6 ± 3.1 7.8 ± 2.1 11.5 ± 2.1 5.2 ± 2.1 11.4 ± 2.1 14.8 ± 5.0 22.1 ± 5.0 21.4 ± 5.0 21.7 ± 5.0
20 12.5 ± 3.1 11.6 ± 3.1 10.7 ± 3.1 8.7 ± 3.1 6.1 ± 2.1 9.0 ± 2.1 7.8 ± 2.1 7.2 ± 2.1 25.3 ± 5.0 26.3 ± 5.0 23.0 ± 5.0 20.3 ± 5.0
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Table 4.6: Deoxynivalenol mean and standard error of each cycle within each population 
in the scab nursery in Lexington, KY, 2013. 
 
 
  C0   C1   C2   C3 
Population  
        1 14.4 ±  4.4 17.5 ±  4.4 24.6 ±  4.4 23.9 ±  4.4 
2 30.8 ±  4.4 14.3 ±  4.4 20.8 ±  4.4 23.2 ±  4.4 
3 10.5 ±  4.4 9.4 ±  4.4 14.5 ±  4.4 13.9 ±  4.4 
4 7.9 ±  4.4 6.4 ±  4.4 8 ±  4.4 7.8 ±  4.4 
5 6.3 ±  4.4 7.3 ±  4.4 10.7 ±  4.4 8.9 ±  4.4 
6 11.2 ±  4.4 6.5 ±  4.4 5 ±  4.4 8.1 ±  4.4 
7 21.3 ±  4.4 18.6 ±  4.4 21.5 ±  4.4 20.5 ±  4.4 
8 13.9 ±  4.4 22.6 ±  4.4 15.8 ±  4.4 15.2 ±  4.4 
9 14.5 ±  4.4 11.6 ±  4.4 8.6 ±  4.4 10.8 ±  4.4 
10 12.4 ±  4.4 12.6 ±  4.4 23.8 ±  4.4 11 ±  4.4 
11 22.9 ±  4.4 16.1 ±  4.4 17.5 ±  4.4 17.9 ±  4.4 
12 18.7 ±  4.4 20.2 ±  4.4 22.5 ±  4.4 21.7 ±  4.4 
13 18.1 ±  4.4 20.5 ±  4.4 27.9 ±  4.4 23.2 ±  4.4 
14 14.9 ±  4.4 16.9 ±  4.4 19.8 ±  4.4 17 ±  4.4 
15 12 ±  4.4 13.1 ±  4.4 11 ±  4.4 10.4 ±  4.4 
16 10.2 ±  4.4 10.4 ±  4.4 8.9 ±  4.4 14.5 ±  4.4 
17 11.7 ±  4.4 11 ±  4.4 9.8 ±  4.4 9.8 ±  4.4 
18 21.4 ±  4.4 12.8 ±  4.4 13.5 ±  4.4 15.9 ±  4.4 
19 9.8 ±  4.4 7.9 ±  4.4 8.5 ±  4.4 7.6 ±  4.4 
20 12.3 ±  4.4 11.4 ±  4.4 15.1 ±  4.4 9.4 ±  4.4 
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Table 4.7: ANOVA of each population on the basis of 2013 Lexington and, Princeton plots, and the scab nursery. 
 
 
 
 
* P-value ≤ 0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Population 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Source df MS
LOC 2 120.6 52.3 ** 165.0 ** 90.9 229.7 ** 174.2 ** 366.8 ** 1362.7 * 245.3 ** 422.2	** 271.5 ** 268.9	** 311.6 ** 188.1 * 86.9 ** 126.5 ** 677.4 ** 1023.4 ** 294.6 ** 585.4 **
REP(LOC) 3 55.1 38.8 * 35.8 * 32.8 35.6** 3.4 42.2 218.4 12.1 28.4 1.4 6.3 10.7 4.6 35.0 1.3 15.6 20.0 11.2 4.0
Cycle 3 22.4 10.7 9.7 41.8 8.1 5.6 9.5 296.9 5.2 4.9 15.2 10.6 2.3 16.6 4.0 4.4 7.3 22.9 26.9 13.6
Cycle*LOC 6 20.8 15.6 17.8 16.7 5.4 1.4 21.6 296.7 21.4 15.4 32.6 8.3 15.6 26.5 11.6 11.0 13.9 36.5 10.0 4.5
Error 9 32.4 5.8 6.1 36.3 3.9 6.8 12.1 239.8 5.0 22.2 7.8 12.1 11.3 30.1 10.4 9.3 11.2 22.5 11.0 14.2
Total 23
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Table 4.8: ANOVA of 20 wheat populations subjected to mass selection based on an optical sorter. FDK assessed by 
visual estimate (FDK_VST), FDK proportion of air separation machine with visually adjusted scabby portion (FDK_ADJ), 
air separation machine (FDK_AIR), heading date (HD), plant height (HT), DON, severity (SEV), incidence (INC), FHB 
index, and rating on the basis of 2013 scab nursery ANOVA accepted and rejected (C 3) fractions that were separated by 
single kernel near infrared inference (SKNIR) in the 2013 scab nursery. 
 
Source               df                                                                                                        MS  
                                                               FDK_VST                       FDK_ADJ                     FDK_AIR                  HD                             HT 
REP                              1                            21.0                                   0.4                                  0.6                       0.1                         0.05  
SELEC                          1                       3990.3 **                        199.8 **                        213.9 **                82.0  **                     92.4 ** 
POP                           19                        1249.9 **                        53.0  **                          49.1 **                  6.0  **           14.6 **             
Error                        40                           305.9                                 14.5                                12.6                      1.3                             1.2 
Total                        79                                                                                                                                                                                                                  
                                                                   DON                                  SEV                                 INC                   INDEX                    RATING 
REP                             1                               2.7                              50.8                         1240.3                 225.6 *                           0.4 
SELEC                         1                           151.5  **                            23.5                          112.8                    35.5                              5.0 * 
POP                          19                             92.7  **                        94.4 *                        881.7  **         144.8 **              2.3 * 
Error                        40                            17.3                               43.6                          362.8                      1.3                           1.0  
Total                        79                                                                                                                                                                                                                  
* P-value ≤ 0.05           ** P-value ≤ 0.01 
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Table 4.9: ANOVA of accepted and rejected (C3) fractions that were separated by (LED) sorter. Traits measured were: 
visual estimate (FDK_VST), FDK proportion of air separation machine with visually adjusted scabby portion (FDK_A DJ), 
air separation machine (FDK_AIR), heading date (HD), plant height (HT), DON, severity (SEV), incidence (INC), FHB 
index, and rating from the 2013 scab nursery. 
 
 
Source               df                                                                                     Mean Square             
                                                                           FDK_VST                                FDK_ADJ                               FDK                                      HD                                     HT 
REP                             1                                    610.5                             127.1                           0.5                            0.4                                 0.05 
SELEC                         1                                       12.0                                  63.7                              3.7                                0.8                             3.2 
POP                          19                                  1669.3 **                       175.5                                   56.4 **                       5.3 **             13.9 ** 
Error                        40                                   484.1                             117.8                          14.8                           0.4                                    1.7 
Total                        79                                                                                                                                                                                                                  
                                                                            DON                                           SEV                                      INC                                       INDEX                          RATING 
REP                             1                                    38.6                                 0.9                          165.3                             5.5                    1.5 
SELEC                         1                                    34.3                               34.7                            15.3                           23.3                        0.3 
POP                          19                                    94.2 **                          56.3 *                       295.0 **                      64.2 **                    4.6 ** 
Error                        40                                   34.9                               29.9                            76.8                           19.6                     0.9 
Total                        79                                                                                                                                                                                                                  
* P-value ≤ 0.05           ** P-value ≤ 0.01 
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Table 4.10: ANOVA of accepted and rejected (C3) fractions that were separated by an image-based optical sorter. Traits 
measured in the 2013 scab nursery were: visual estimate (FDK_VST), FDK proportion of air separation machine with 
visually adjusted scabby portion (FDK_ADJ), air separation machine (FDK_AIR), heading date (HD), plant height (HT), 
DON, severity (SEV), incidence (INC), FHB index, and rating. 
 
Source               df                                                                        Mean Square  
                                                                           FDK_VST                                 FDK_ADJ                               FDK                                     HD                                    HT 
Selection                  1                               456.0                                 10.5                              11.4                           11.2  **                       0.8  
POP                          19                                   1892.4 **                         61.6  **                     59.6 **                     6.2  **                  11.1 ** 
REP                             1                                      599.5                              24.0                           22.0                          0.4                          4.0 
Error                        40                                     453.5                              16.2                           16.0                          0.7                                   1.3 
Total                        79                                                                                                                                                                                                                  
                                                                              DON                                            SEV                                      INC                                   INDEX                           RATING 
Selection                  1                                          9.8                               57.7                            0.3                           16.3                        6.0 ** 
POP                          19                                     110.8 **                       108.0 **                   310.1 *                         90.6 **                           3.2 ** 
REP                             1                                          4.4                              10.1                           90.3                            15.8                    1.8 
Error                        40                                      13.9                              33.4                          148.3                            26.5                    0.6 
Total                        79                                                                                                                                                                                                                  
* P-value ≤ 0.05              ** P-value ≤ 0.01
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Table 4.11: FDK mean, standard deviation, minimum, and maximum of FDK measured 
by air separation machine with visually adjusting scabby portion (FDK_ADJ), FDK 
assessed by air separation machine (FDK_AIR), FDK assessed by visual estimate 
(FDK_VET) deoxynivalenol (DONppm), severity (SEV), incidence (INC), FHB index, 
rating, heading date (HD), and plant height (HT) for accepted and rejected C4 that 
sorted by an image based optical sorter in scab nursery, Lexington 2013 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Selection Cycle N Obs Variable N Mean Std Dev Minimum Maximam
C3 Accepted 40 FDK_ADJ 40 19.5 4.6 10.8 29.7
FDK_AIR 40 19.8 4.3 11.4 29.7
FDK_VST 40 50.1 28.8 7.0 95.0
DONppm 40 14.5 7.0 5.9 38.4
SEV 40 29.5 6.9 14.8 46.8
INC 40 61.3 12.1 40.0 85.0
Index 40 18.1 5.9 6.7 35.1
Rating(0-9) 40 3.8 1.2 2.0 6.0
HD 40 14.6 1.4 11.0 18.0
HT 40 14.1 1.9 36.0 44.0
C3 Rejected 40 FDK_ADJ 40 20.2 5.6 11.4 34.9
FDK_AIR 40 20.6 5.6 11.4 37.1
FDK_VST 40 54.9 28.6 10.0 95.0
DONppm 40 15.2 6.5 4.5 35.1
SEV 40 27.8 7.7 13.6 46.8
INC 40 61.4 15.8 25.0 95.0
Index 40 17.2 6.9 4.4 35.1
Rating(0-9) 40 3.3 1.1 1.0 6.0
HD 40 15.4 1.5 11.0 18.0
HT 40 41.3 2.0 37.0 45.0
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Figure 4.1: FDK distribution in three locations PRN (0), LEX (1), AND scab nursery 
(2) in KY, 2013. 
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Chapter Five 
 
Comparing Genetic Variation within Populations with and without Sorter          
Selection 
 
Introduction 
 
Wheat ((Triticum aestivum L.) and barley (Hordeum vulgare L.) are critical 
food and feed cops around the world. In the United States, planted hectares of these 
two crops have declined drastically since the early 1990s. One important factor of 
that reduction is a very challenging plant disease. The most devastating disease of 
wheat and barely is Fusarium head blight (FHB or scab), which is a fungal disease 
caused by the fungus, Fusarium graminearum Schwabe, resulted in the 1990s and 
early 2000s in billions of dollars of wheat and barely yield quantity and quality loss 
(MacMullen et al., 2012). That loss in the United States during the 1990s were close 
to $3 billion, and FHB ranked as the worst plant disease to hit the nation during the 
past seven decades (MacMullen et al., 2012; Saharan et al., 2007; Windels, 2000). 
The infected grains appear discolored and shriveled, which is why they are called 
“tombstones”. The disease also reduces test weight and lowers market grade 
because diseased kernels are light and shriveled (McMullen, 1997; Saharan et al., 
2007). Host resistance is considered to be the most practical and effective strategy 
of controlling wheat scab, although breeding has been hindered by the complexity of 
the resistance, a lack of effective resistant genes, and disease assessment difficulty 
and cost (Fehr et al., 1991; Rudd et al., 2001b). Resistance to FHB is controlled by 
multiple genes whose effects are greatly influenced by the environment (Lin et al., 
2006; Parry et al., 1995). This complexity limits our understanding of the resistance 
mechanisms and has made breeding of FHB resistance very difficult and time 
consuming (Lin et al., 2006). The most important two types of resistance are ‘Type I’ 
(resistance to initial infection) and ‘Type II’ (resistance to spread within the spike) 
(MacMullen et al., 2012; Mesterhazy, 1995). Yield loss and deoxynivalenol (DON) 
contamination are the main concerns related to FHB. Direct assessment of Fusarium 
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damaged kernel (FDK) and DON is expensive and time consuming (Agostinelli, 
2009; Foroud, 2011; Rudd et al., 2001b). 
Material and Methods 
Two sets of F5 wheat populations from 2- and 3-way crosses among adapted  
plants were evaluated in this study in 2013: populations 1 and 17 (Table A.3.4). 
Seeds of 30 lines of non selected population C0 and 30 lines after 2 selection cycles 
were planted in two replications in the scab nursery in 2013. The scab nursery was 
located on Spindletop Research Farm (38°7’37. 81’’ N, 84°29’44. 85’’ W; Maury silt 
loam [fine, mixed, semiactive, mesic Typic Paleudalfs]) near Lexington, KY (LEX). 
Recommended agricultural practices for wheat production in Kentucky were 
followed (Lee et al., 2009). 
The grain used for this study was sorted on a USDA/ARS and National 
Manufacturing Seed Sorter System with color camera according to a calibration  that 
reflected visual differences between asymptomatic grain and grain showing FHB 
symptoms. Calibrations for the image-based optical sorter, done each year 
depending on the environment and the severity of disease, was done by Dr. David 
Van Sanford and Dr. Anthony Clark. After calibration, the device was used for mass 
selection and/ or sorting. The lines used for this experiment were selected 
randomly in 2012 from C0 and C2 plots, in the form of 30 heads of each cycle from 
each population. These heads each was broken in half to be planted in 2 replication 
for each line. Seeds were planted in rows 1.2 meters long and 30 centimeters apart 
in the nursery. The scab nursery was irrigated with an overhead mist irrigation 
system that works automatically 15 times a night for 5 minutes each to provide 
favorable disease conditions from 8:00 pm to 8:30 am. The system operated from 
8:00pm to 8:00am, beginning 22 April 2013. The irrigation system switched off from 
25 April to 1 May 2013 because plants were very wet and the humidity level was 
high. Head rows were inoculated with scabby corn (Zea mays L.) (Balut, 2012). A 
number of isolates of Fusarium graminearum taken from scabby wheat seed 
collected from 2010 to 2013 in multiple locations across Kentucky were used for 
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inoculation. Corn was spread on plastic sheets and set to imbibe water on 13 March 
2013 before autoclaving. After autoclaving on 14 March 2013, PDA plugs of F. 
graminerium were mixed with 0.2 gram streptomycin in 50 ml sterile water and 
applied to the corn on 15 March 2013 at room temperature until corn was fully 
colonized by the fungus. Colonization took about three weeks. Scabby corn was 
stored in a freezer after being placed in mesh bags. Inoculum was spread prior to 
heading between the scab nursery rows of a rate of about 11.86 g m2 on 15 April 
2013.  
Daily heading notes were taken in the scab nursery. Head rows that headed 
first were scored for disease first. Heading took place between 11 May  and 27 May 
2013. Disease incidence was calculated as the number of visually infected spikes 
divided by the total number of observed spikes per head row (20 heads per row). 
Disease severity assessment was done by counting the number of visually infected 
spikelets and dividing it by the total number of spikelets in 10 arbitrarily chosen 
heads from each row. Along with taking incidence and severity, rating was taken as 
well by visually estimating the proportion of scabby heads on a scale from 0 to 9 (9 
means all heads in that head row showed FHB symptoms). The scoring was 
occurred 24 days after heading date. Height (inch) during the seed-filling period was 
recorded. 
The scab nursery was harvested by sickling the 1.2-meter long rows using 
hand sickles and banding each row by it-self (above ground plants were cut). 
Threshing of the sickled head rows was done in a few days after harvest. They were 
threshed by a small thresher with a minimum of forced air to minimize light seed 
loss (tombstones), which was designed for this reason. Scab nursery yield were 
cleaned using a cleaning machine. 
FDK (%) was visually estimated for each sample (approximately 15 g). Some 
samples weighted less than 15-g, but that would not affect the test since it had a 
proportion of FDK in the sample.  The same samples were run into an air -separation 
machine specifically developed from a Precision Machine head thresher and a Shop -
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Vac vacuum to separate infected kernels from healthy kernels in 2012 and 2013 
(Agostinelli, 2009). The FDK evaluation took around 50 seconds per sample, and the 
net time that seeds were run into the machine by exposing them to the air was 10 
seconds. Two fractions from each sample using this machine were obtained. The 
lighter portion of wheat (estimated as scabby kernels) was weighed, and mixed with 
the heavier portion of wheat (estimated as healthy kernels) and weighed again to 
get the total weight of each sample. Visual estimation of FDK was scored for the light 
portion to have an adjusted weight of the scabby portion. Visual estimation of the 
scabby fraction was taken to make an adjustment for the scabby weight because in 
some samples researchers observed some asymptomatic grains. That was not 
because of the differences between symptomatic and asymptomatic weight, but 
because of the differences between the size and the weight of different varieties, in 
which some asymptotic kernel varieties weighed more or less than others of the 
same size. Data was entered into a Microsoft Excel (2007) spreadsheet that was 
used to calculate FDK proportion for each sample using the following formulas:  
FDK (%) = ( SSW /  TSW ) * 100 
For adjusted FDK after multiplying the light portion by visual proportion the 
formula was: 
FDK (%) = ( SW  /  TW ) * 100 
Where, SSW = Scabby seed weight (g), TSW = Total seed weight (g), and SW = 
Adjusted scabby seed weight (g) 
For DON measurement, the same (15 g) samples were sent in coin envelopes 
to the University of Minnesota DON testing Lab for DON analysis. DON concentration 
(ppm) was measured by gas chromatography with mass spectrometry (GC-MS) 
according to (Agostinelli, 2009).  
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Statistical analysis 
FHB and agronomic traits were estimated for each population on an entry 
mean basis using the following model:  
 
Yi,j,k = μ + Ri + Cj + Lk (j) + εi,j,k 
Where: Yi,j,k = the observation in the kth line in the jth selection cycle in the ith 
replication for each population, μ = the overall mean, Ri = the effect of ith replication, 
Cj = the effect of jth selection cycle,  Lk (j) = the effect of kth line, εi,j,k  = the residual 
error. 
 
Data were analyzed using the General Linear Model procedure (Proc GLM; SAS 
2009, Proc ANOVA; SAS 2009, and Proc mean; SAS 2009). 
Results and Discussion  
Among populations 
 
The ANOVA presents significant differences between populations 1 (KY93C-
0004-22-1/25R37//VA05W-517) and 17 (Truman/IL99-15867//VA03W-409). 
Differences between these populations were significant for all FHB traits  (Table 5.1). 
For heading date, the mean was higher (the higher the mean the later the heading 
date), and mean DON was significantly (P ≤ 0.05) lower in population number 1 
than in population number 17. Population 17 is significantly shorter than 
population 1 (Table 5.1).  
 
The ANOVA suggests no significant difference for FDK between the C0 and 
the C3 (Table 5.1). On the other hand, some FHB traits were significantly different 
between the C0 and the C3 including DON, but that does not mean there was 
significant DON reduction over the population with selection (Table 5.2). The 
performance of these two populations through selection cycles in the other 
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experiments (other than 2013 derived line experiment) in 2012 and 2013 was as 
follows: In the 2013 scab nursery bulk experiment, there is evidence of a non 
significant FDK and DON reduction for population number 1. The 2012 Lexington 
plot data suggested a reduction in FDK and DON with selection from cycle to cycle 
(C0, C1,C2) (Figure 5.1). Both 2013 Lexington and Princeton plots showed fluctuating  
FDK (%) among selection cycles (Figures: 5.1, 5.2, 5.3, and 5.4). 
 
Within population 
 
 To evaluate the selection done using an image based optical sorter, although 
there was slight non-significant reduction in FDK with selection, some lines in the C3 
were showed a significant FDK and DON reduction in both population (Tables 5.3 
and 5.4).  
 
Population 1 showed significant differences among lines in both C0 (P-value = 
0.0093) and C2 (P-value = 0.0004). The same was observed in population 17 lines at 
(P=0.0307) in the C0 and (P=0.0011) in the C2 (Table 5.5). This indicates there is 
genetic variation within each population. However, population 1 seems to have 
more genetic variation than population 17. Out of 900 pairwise comparisons C 0 and 
C2 of population 1, 426 FDK cases were lower, and out of these cases 69 cases were 
significant due to selection (Figure 5.2). Some superior lines in population 1 showed 
significantly lower FDK and DON reduction, (ex, line 1003-1) (Table 5.3). I observed 
416 cases in which FDK and DON were lower after selection in population 17 
(Figure 5.3), of which 45 were significantly lower (Table 5.4). Some lines had both 
FDK and DON reduction (e.g. 1003-1, 1003-17, and 1003-22 in population 1, and 1051-
61, 1051-83, and 1051-87 in population 17) (Tables 5.3 and 5.4). Most of the lines in 
population 17 that had low FDK reduction had no DON reduction. On the other hand, 
lines that had FDK reduction in higher percentage had also DON reduction (Tables 5.4). 
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Conclusions  
 
Both of the populations have genetic variation, and population 1 has more 
than population 17. They are significantly different from each other for FDK, DON, 
and other FHB traits. Although both populations are suitable to be grown for bulks, 
population 1 seems better since it has more genetic variation as well as lower FDK 
and DON (Tables 5.6, and 5.7), and earlier heading date. Lines within each 
population were significantly different and some lines in each population had 
significantly lower FDK and DON after selection using an optical sorter. Some lines 
had significant reduction in both FDK and DON, and some others had either FDK or 
DON reduction. Lines of population 1 that had significant reduction, were more 
numerous than in population 17, and FDK and DON reduction were greater. 
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Table 5.1: ANOVA of FDK (%) assessed by air separation machine (FDK_AIR), adjusted scabby portion of FDK_AIR visually 
(FDK_ASJ), visual estimate (FDK_VST), deoxynivalenol (DON), heading date (HD) and plant height (HT), severity (SEV), 
incidence (INC), and rating (RATING) in the two derived lines populations on 2013 scab nursery.  
                                                                        FDK_ADJ                                           FDK_AIR                                               FDK_VET 
Source                                         df                                                                                              MS                                                                                         
           --------------------------------------------------------------------------------------------------------------- 
Pop                                                1                     7056.8  **                                                6447.3**                                                    21206.4  **                          
Cycles                                           1                       408.6                                                    725.7 *                                      69.2                              
Pop * Cycle                                 1                         89.2                                                     34.5                                     156.8                       
Line (Pop * Cycle)              116                       207.5  *                                                213.5                                  1011.5 **                     
Error                                        120                        141.0                                                  160.2                             546.4                                           
Total                                        239  
                                                                             DON                                                      HD                                                             HT                                                  
Source                                         df                              MS  
                                     --------------------------------------------------------------------------------------------------------------- 
Pop                                                1                      4540.5 **                                                  464.8 **                                                         24.0 *                          
Cycles                                           1                        391.9 **                                                    48.6 **                                                    66.1 **         
Pop * Cycle                                 1                        174.5 *                                                  141**                                                       1.0           
Line (Pop * Cycle)              116                          42.2 *                                                 14.5 **                                                    19.6 **          
Error                                        120                         29.3                                                 1.0                                                           5.7 
Total                                        239  
                                                                               SEV                               INC                                  INDEX                               RATING                   
Source                                        df                                                                                               MS  
                                    -----------------------------------------------------------------------------------------------------------------  
Pop                                                1                           87.1                                0.1                                        16.0                                     1.0  
Cycles                                           1                         821.3 **                       440.1                                  653.0 **                             16.0 **        
Pop * Cycle                                 1                             5.5                              30.1                                      7.9                                      0.01   
Line (Pop * Cycle)              116                         126.1 **                       470.9 **                             119.1 **                                   2.1 **        
Error                                        120                           68.9                           188.4                                    57.4        1.3       
Total                                              239       
 
* P-value ≤ 0.05  ** P-value ≤ 0.01 
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Table 5.2: FDK mean and standard error of each cycle within each population. Traits measured in the 2013 derived lines were: air 
separation machine (FDK_AIR), FDK proportion of air separation machine with visually adjusted scabby portion (FDK_ADJ), 
DON, incidence (INC), severity (SEV), rating, heading date (HD), plant height (HT). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FDK_AIR FDK_ADJ DON INC SEV Rating HD HT
POP C0 C2 C0 C2 C0 C2 C0 C2 C0 C2 C0 C2 C0 C2 C0 C2
1 20.0 ±	1.7 22.7 ±	1.7 19.2 ±	1.6 20.6 ±	1.6 11.2 ±	0.8 15.5 ±	0.8 58.8 ±	2.3 62.3 ±	2.3 23.0 ±	1.3 26.4 ±	1.3 2.6 ±	0.2 3.2 ±	0.2 21.7 ±	0.4 21.0 ±	0.4 40.0 ±	0.5 38.8 ±	0.5
17 29.6 ±	1.7 33.8 ±	1.7 28.9 ±	1.6 32.7 ±	1.6 21.6 ±	0.8 22.5 ±	0.8 59.5 ±	2.3 61.5 ±	2.3 23.9 ±	1.3 27.9 ±	1.3 2.5 ±	0.2 3.0 ±	0.2 17.3 ±	0.4 19.8 ±	0.4 39.2 ±	0.5 38.3 ±	0.5
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Table 5.3: Lines from population 1 that had significant FDK and DON reduction after 
selection (C2) using an image-based optical sorter in Lexington, KY, 2013.  
  
Lines  Number of significant (P ≤ 0.05) differences 
 FDK DON 
1003-1 10 14 
1003-3 2 0 
1003-4 3 0 
1003-6 5 0 
1003-7 2 3 
1003-8 2 2 
1003-12 7 3 
1003-13 8 4 
1003-14 2 4 
1003-16 2 0 
1003-17 5 11 
1003-18 5 0 
1003-22 6 7 
1003-25 0 9 
1003-26 5 0 
1003-28 3 0 
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Table 5.4: Lines from population 17 that had significant FDK and DON reduction 
after selection (C2) using an image-based optical sorter in Lexington, KY, 2013. 
 
Lines Number of significant (P ≤ 0.05) 
differences 
 FDK DON 
1051-61 5 4 
1051-62 2 0 
1051-63 1 0 
1051-64 3 0 
1051-65 1 0 
1051-66 1 0 
1051-68 5 3 
1051-69 1 0 
1051-70 3 0 
1051-71 1 0 
1051-72 1 6 
1051-73 1 0 
1051-74 3 0 
1051-75 1 0 
1051-78 1 0 
1051-79 1 0 
1051-80 2 3 
1051-81 1 0 
1051-82 1 0 
1051-83 3 8 
1051-84 1 0 
1051-85 0 2 
1051-87 3 8 
1051-89 2 0 
1051-90 1 0 
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Table 5.5: ANOVA of FDK in derived lines from populations 1 and 17 evaluated in the 2013 scab nursery.  
 
 
                                    Population # 1  
 
                                             MS 
                                                                                                  --------------------------------------------------------------------------------------------- 
Source                        df                                                                C0                                                                                           C2    
                                                                                  
Rep                                 1                                                             232.6  *                                              0.7  
Line                             29                                                                78.0  **                                                                                    136.1  **             
Error                           29                                                                31.8                                                                                                       37.6                             
Total                           59                                                                                                                                                                                                                    
                                    Population # 17 
 
                                             MS 
                                                                                                   -------------------------------------------------------------------------------------------- 
Source                        df                                                                C0                                                                                           C2    
                                                                            
Rep                                 1                                                           3372.8 **                                          4586.7 **              
Line                             29                                                               231.1 *                                                                                         384.8  **               
Error                           29                                                               113.9                                                                                                       117.9                          
   
Total                           59                                                                                                                                                                                                                 
 
* P-value ≤ 0.05 
** P-value ≤ 0.01 
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Table 5.6: FDK (%) mean, standard deviation, minimum, and maximum of FDK % 
assessed by air separation machine (FDK_AIR), FDK_AIR with visually adjusting 
scabby portion (FDK_ADJ), visual estimate (FDK_VST), heading date (HD),  plant 
height (HT), deoxynivalenol (DON), severity (SEV), incidence (INC), FHB index, and 
rating before selection (C0) and after selection (C2) in population 1 (KY93C-0004-22-
1/25R37//VA05W-517) in Lexington, KY, 2013. 
 
 
 
 
 
 
 
 
Selection Cycle N Obs Variable N Mean Std Dev Minimum Maximum
C0 60 FDK_AIR 60 20.0 7.4 9.2 42.9
FDK_ADJ 60 19.2 7.6 8.0 42.9
FDK_VET 60 53.7 26.4 5.0 100.0
HT 60 40.0 3.3 32.0 45.0
HD 60 21.7 3.3 14.0 26.0
DONppm 60 11.2 3.4 5.5 17.4
SEV 60 23.0 9.7 10.0 59.3
INC 60 58.8 18.6 20.0 90.0
Index 60 14.4 9.2 2.5 44.4
Rating 60 2.6 0.9 1.0 5.0
C2 60
FDK_AIR 60 22.7 10.7 6.7 72.7
FDK_ADJ 60 20.6 9.2 5.7 58.2
FDK_VET 60 50.8 27.7 6.0 95.0
HT 60 38.8 4.1 30.0 48.0
HD 60 21.0 3.2 16.0 27.0
DONppm 60 15.5 6.4 6.0 33.3
SEV 60 26.4 8.9 10.4 47.9
INC 60 62.3 18.6 25.0 100.0
Index 60 17.3 9.3 2.6 38.3
Rating 60 3.2 1.7 2.0 14.0
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Table 5.7: FDK (%) mean, standard deviation, minimum, and maximum of FDK % 
assessed by air separation machine (FDK_AIR), FDK_AIR with visually adjusting 
scabby portion (FDK_ADJ), visual estimate (FDK_VST), heading date (HD),  plant 
height (HT), deoxynivalenol (DON), severity (SEV), incidence (INC), FHB index, and 
rating before selection (C0) and after selection (C2) in population 17 (Truman/IL99-
15867//VA03W-409) in Lexington 2013. 
 
 
 
 
 
 
 
Selection Cycle N Obs Variable N Mean Std Dev Minimum Maximum
C0 60 FDK_AIR 60 36.1 51.0 12.8 40.7
FDK_ADJ 60 39.2 60.3 12.8 40.7
FDK_VET 60 70.9 27.0 7.0 100.0
HT 60 39.2 3.5 29.0 47.0
HD 60 17.3 1.4 14.0 20.0
DONppm 60 21.6 6.2 8.0 33.2
SEV 60 23.9 7.8 10.2 43.8
INC 60 59.5 15.8 30.0 90.0
Index 60 14.5 6.6 3.1 29.4
Rating 60 2.5 1.2 1.0 9.0
C2 60
FDK_AIR 60 33.8 18.2 11.1 100.0
FDK_ADJ 60 32.7 18.0 7.8 95.0
FDK_VET 60 71.3 30.1 5.0 100.0
HT 60 38.3 3.1 33.0 46.0
HD 60 19.8 2.7 15.0 26.0
DONppm 60 22.5 7.2 8.0 38.1
SEV 60 27.9 12.4 9.5 71.7
INC 60 61.5 19.1 15.0 90.0
Index 60 18.2 11.7 2.1 55.8
Rating 60 3.0 1.2 1.0 7.0
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Figure 5.1: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (0, 1, 2) of 
population 1 using an image-based optical sorter (Cycle) in Lexington, KY, 2012. 
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Figure 5.2: Combination of significant and non-significant FDK reduction due to 
selection derived lines of population 1 (KY93C-0004-22-1/25R37//VA05W-517) on 
the basis of their entry means (n=900) in Lexington, KY, 2013. 
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Figure 5.3: Combination of significant and non-significant FDK reduction due to 
selection derived lines of population 17 (Truman/IL99-15867//VA03W-409) on the 
basis of their entry means (n=900) in Lexington, KY, 2013. 
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Table A.3.1: Pearson correlation coefficients of cycle (0) between rating, deoxynivalenol (DON), yield, heading date (HD), plant 
height (HT), index, severity (SEV), incidence (INC), DON and FDK assessed by near infrared reflectance (NIR) using two 
different calibrations (NIRDON1, NIRDON2, NIRFDK1, and NIRFDK2), FDK assessed by image-based optical sorter  
(FDK_IBOS), FDK assessed by air separation machine (FDK_AIR), FDK assessed by air separation machine with adjustment to 
scabby portion (FDK_ADJ), visual estimate on weight basis (FDK_VWT) and on a count basis (n= 600 kernels) (FDK_VNO) in 
Lexington, KY, 2012. 
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Table A.3.2: Pearson correlation coefficients of cycle (1) between rating, deoxynivalenol (DON), yield, heading date (HD), plant 
height (HT), index, severity (SEV), incidence (INC), DON and FDK assessed by near infrared reflectance (NIR) using two 
different calibrations (NIRDON1, NIRDON2, NIRFDK1, and NIRFDK2), FDK assessed by image-based optical sorter  
(FDK_IBOS), FDK assessed by air separation machine (FDK_AIR), FDK assessed by air separation machine with adjustment to 
scabby portion (FDK_ADJ), visual estimate on weight basis (FDK_VWT) and on a count basis (n= 600 kernels) (FDK_VNO) in 
Lexington, KY, 2012. 
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Table A.3.3: Pearson correlation coefficients of cycle (2) between rating, deoxynivalenol (DON), yield, heading date (HD), plant 
height (HT), index, severity (SEV), incidence (INC), DON and FDK assessed by near infrared reflectance (NIR) using two 
different calibrations (NIRDON1, NIRDON2, NIRFDK1, and NIRFDK2), FDK assessed by image-based optical sorter  
(FDK_IBOS), FDK assessed by air separation machine (FDK_AIR), FDK assessed by air separation machine with adjustment to 
scabby portion (FDK_ADJ), visual estimate on weight basis (FDK_VWT) and on a count basis (n= 600 kernels) (FDK_VNO) in 
Lexington, KY, 2012. 
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Table A.3.4: ANOVA of Fusarium damaged kernels (FDK) assessed by image-based optical sorter (FDK_IBOS) presents the 
relationship between (FDK_IBOS) and: deoxynivalenol (DON), FDK assessed by air separation, rating, FDK assessed by near 
infrared reflectance (NIR) using the first calibration (NIRFDK1) in each selection Cycle (C0, C1, C2) in Lexington, KY, 2012. 
Variables                df                                                                Selection cycles 
                                                                               Cycle (C0)                             Cycle (C1)                              Cycle (C2)  
                                          Optica l sorter FDK and DON (ppm) 
FDK_IBOS                    1                                     0.9                                        7.3 **             6.0 ** 
Error                      18                                     1.1                                       0.5             1.2 
Total        19  
                                                                                                                      Optica l sorter FDK and air separation FDK 
FDK OS                        1                                     1.8                                       2.0             4.9 * 
Error                      18                                    0.4                                       0.7             1.0 
Total        19 
                                                                                                                                 Optica l sorter FDK and rating 
FDK OS                        1                              0.0008                        0.0000007    0.00006 
Error                      18                               0.006                                  0.004         0.005 
Total        19 
                                                                                                                                Optica l sorter FDK and NIRFDK1 
FDK OS                        1                                     6.0                                    15.8            44.3 * 
Error                      18                                    4.6                                      4.0                           9.1 
Total        19  
 
* P-value ≤ 0.05 
** P-value ≤ 0.01 
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Table A.3.5: Pedigree information of the twenty soft red winter wheat populations, and their names and number.  
 
 
Population # Population name Pedigree 
1    
2   
3   
4   
5   
6   
7   
8   
9   
10   
11   
12   
13   
14   
15   
16   
17   
18   
19   
20  
KY07C-1056  
KY07C-1205  
KY07C-1194  
KY07C-1332  
KY07C-1152 
KY07C-1291  
KY07C-1192  
KY07C-1175  
KY07C-1269  
KY07C-1144  
KY07C-1208  
KY07C-1248 
KY07C-1100  
KY07C-1200  
KY07C-1178  
KY07C-1270  
KY07C-1347  
KY07C-1317  
KY07C-1214 
KY07C-1324 
KY93C-0004-22-1/25R37//VA05W-517 
KY93C-0378-5-2/IL96-3073//VA03W-409 
KY93C-0378-5-2/25R47//KY97C-0554-04-05 
KY97C-0299-13-01/KY96C-0770-3//SS MPV-57 
IL99-15867/KY93C-1238-17-1//IL02 18146 
KY97C-0519-04-05/IL96-3073//SS MPV-57 
KY93C-0378-5-2/25R47//VA03W-409 
IL99-15867/25R18//VA03W-409 
KY97C-0546-17-01/Cooper//Bess  
IL99-15867/B990081//VA03W-409 
25R37/Pembroke//VA03W-409 
97C-0574-01-04/25R37//Cooper  
MSU Line E1007/Cooper//KY97C-0540-01-03 
KY93C-0378-5-2/IL96-3073//Cooper 
M01-4377/IL96-3073//SS MPV-57 
KY97C-0519-04-05/KY93C-1238-17-1//SS MPV-57 
Truman/IL99-15867//VA03W-409 
KY97C-0277-01-06/KY96C-0770-3//KY97C-0540-01-03 
25R37/Truman//Cooper 
KY97C-0299-13-01/KY93C-1238-17-1//SS MPV-57 
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Table A.4.1: FDK mean, standard deviation, minimum, and maximum of FDK assessed by air separation machine with visually 
adjusted scabby portion (FDK_ADJ), FDK % assessed by air separation machine (FDK_AIR), visual estimate (FDK_VST), DON, 
severity (SEV), incidence (INC), FHB index, rating, heading date (HD), plant height (HT), in each selection cycle of scab nursery 
in Lexington, KY, 2013. 
 
 
Selection	cycle N	Obs Variables N Mean Std	Dev Min Max
1 40 FDK_ADJ 40 20.4 6.9 11.3 47.5
FDK_AIR 40 20.9 6.9 11.9 50.0
V_EST 40 57.4 26.8 9.0 100.0
DON (ppm) 40 14.7 7.2 4.8 45.1
SEV 40 28.4 7.5 10.4 43.0
INC 40 61.4 15.3 25.0 95.0
Index 40 17.7 6.7 2.6 31.9
Rating 40 3.4 1.3 1.0 6.0
HD 40 14.9 1.0 13.0 17.0
HT 40 41.6 2.3 37.0 48.0
2 40 FDK_ADJ 40 20.8 13.8 9.1 100.0
FDK_AIR 40 21.2 13.7 9.1 100.0
V_EST 40 49.4 26.1 7.0 95.0
DON (ppm) 40 13.3 6.1 5.1 29.0
SEV 40 27.8 5.7 18.0 46.5
INC 40 60.4 14.5 35.0 95.0
Index 40 16.9 5.3 7.0 30.9
Rating 40 3.8 1.4 2.0 7.0
HD 40 14.8 1.3 11.0 18.0
HT 40 41.6 2.2 37.0 49.0
3 40 FDK_ADJ 40 18.7 4.7 11.3 31.4
FDK_AIR 40 19.1 4.6 11.4 31.4
V_EST 40 51.5 28.4 10.0 100.0
DON (ppm) 40 15.4 8.3 3.3 40.6
SEV 40 29.0 8.6 10.9 45.8
INC 40 62.3 15.2 10.0 90.0
Index 40 18.4 7.4 1.1 41.3
Rating 40 3.8 1.3 1.0 6.0
HD 40 14.6 1.3 11.0 17.0
HT 40 41.5 2.2 37.0 47.0
4 40 FDK_ADJ 40 19.5 4.6 10.8 29.7
FDK_AIR 40 19.8 4.3 11.4 29.7
V_EST 40 50.1 28.8 7.0 95.0
DON (ppm) 40 14.5 7.0 5.9 38.4
SEV 40 29.5 6.9 14.8 46.8
INC 40 61.3 12.1 40.0 85.0
Index 40 18.1 5.9 6.7 35.1
Rating 40 3.8 1.2 2.0 6.0
HD 40 14.6 1.4 11.0 18.0
HT 40 41.1 1.9 36.0 44.0
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Table A.4.2: Cycle means, standard deviations (Std Dev) maximum (MAX), minimum (MIN) for population 1-20. Traits 
measured were: FDK measured by air separation machine (FDK_AIR), adjusted FDK that measured by air separation machine 
visually (FDK_ADJ), heading date (HD), plant height (HT), lodging (LOD) and yield for the 2013, Lexington and Princeton, KY. 
 
                                            N                              Mean                      Std Dev                   MIN                                       MAX 
                                       -------------------------------------------------------------- Princeton plots experiment -------------------------------------------------------------- 
FDK_AIR   160 9.0090617                      2.9693155           3.7735849    18.750000 
FDK_ADJ 160 8.3468843             2.9811376           3.3962264    17.948718 
HT 160 46.928125                             2.5327086   41.500000    59.000000 
HD 160 36.412500                  1.6986399           33.000000    43.000000 
LOD 160 0.5171875                             0.3417513           0                0.9500000 
Yield 160 42.830280                             12.905333           8.9603873    72.270977 
                         -------------------------------------------------------------------- Lexington Plots experiment --------------------------------------------------------------------- 
FDK_AIR   160 14.711171                       11.635900           6.0000000    150.00000 
FDK_ADJ 160 13.102041             10.755401           0.5102041    135.00000 
HT 160 44.125000                             3.1015314   36.000000    50.000000 
HD 160 45.100000                  0.9854284           41.000000    47.000000 
LOD 160 0.0628125                             0.1240368           0                0.6000000 
Yield 160 62.760544                             11.108450           18.587127    89.379753 
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Table A.4.3: Cycle means, standard deviations (Std Dev) maximum (MAX), minimum (MIN) for population 1-20. Traits 
measured were:by air separation machine with visually adjusting scabby portion (FDK_ADJ), FDK assessed by air separation 
machine (FDK_AIR), FDK assessed by visual estimate (FDK_VET) deoxynivalenol (DONppm), severity (SEV), incidence (INC), 
FHB index, rating, , heading date (HD), and plant height (HT) for accepted and rejected C 4 that sorted by  (SKNIR) in scab 
nursery, Lexington, KY, 2013. 
 
Selection Cycle N Obs Variable N Mean Std Dev Minimum Maximum
C3 accepted 40 ADJ_FDK_PROP 40 19.3 4.4 10.7 30.6
FDK_PROP 40 19.7 4.2 11.9 30.6
visual_est 40 54.2 26.8 10 95
DON ppm 40 13.5 4.5 5.7 23.8
SEV 40 30.1 7.9 16.3 49.3
INC 40 61.6 14 35 85
Index 40 18.9 7.6 7 34.4
Rating 40 3.7 1.3 2 7
HD 40 14.6 1.2 11 17
HT 40 41.7 1.9 38 45
C3  rejected 40
ADJ_FDK_PROP 40 22.7 5.2 9.4 35.1
FDK_PROP 40 22.9 4.9 11.1 35.1
visual_est 40 68.4 20.4 7 95
DON ppm 40 16.2 7.4 4.9 37.3
SEV 40 29 7.6 10.9 46.2
INC 40 59.3 28.4 20 20.5
Index 40 17.6 10.2 4.4 64.2
Rating 40 3.2 1 1 5
HD 40 16.6 1.9 12 20
HT 40 39.5 2.4 33 44
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Table A.4.4: ANOVA accepted and rejected C3 fractions that were separated SKNIR. Traits were measured: FDK and DON in the 
2013 scab nursery, Lexington, KY.  
Source      df                                                                                                           MS              
                                            POP1                              POP2                          POP3                        POP4                        POP5                         POP6                       POP7 
    FDK       DON              FDK      DON             FDK     DON               FDK    DON             FDK     DON             FDK     DON            FDK    DON 
SELEC              1       1890.7    187.6                  7.3    50.4                10.9*    2.8                 0.08       0.5             3.9      11.2              1.43    0.06              2.5     29.1 
REP                  1       1758.2          9.0                  0.7    0.04                 95.4      1.9                 13.1     21.6           24.0      0.02              16.3      3.8              0.1     46.2 
Error               1       2091.3     590.4                3.5    30.2               0.56     12.2                  1.8     14.8             5.8      0.12              16.3      0.4              1.0     22.0 
Total               3                                                                                                                                                                                           
                             POP8                        POP9                         POP10          POP11                     POP12                      POP13                      POP14 
      FDK     DON            FDK    DON                 FDK   DON               FDK   DON             FDK    DON              FDK      DON            FDK      DON 
SELEC              1             45.3    12.9              35.9      0.1                  50.5      3.4                 2.8     171.6             0.8     46.9                2.0     18.0             6.6     12.5 * 
REP                  1             6.1      10.2              1.3    0.002                  1.7    194.6                 55.1    51.8             8.4     0.02                4.4       7.5              6.3       1.0 
Error               1             1.7         4.8            1.4        1.8                10.8       7.0                 48.3       1.6             2.3     51.1                2.0       2.1              4.2      0.01 
Total               3                                                                                                                                                                                           
              POP15                       POP16                      POP17            POP18                        POP19                      POP20  
       FDK       DON             FDK      DON             FDK     DON             FDK      DON             FDK      DON             FDK      DON          
SELEC              1            0.001       23.0               0.3       34.8               0.2        2.4             20.0         0.4            134.8        7.8           49.3 *     7.8 *           
REP                  1            0.5             0.6                51.2     47.6               0.4         0.4             48.6 *    16.0 *         0.06        10.2           9.2 *     12.9             
Error               1             0.4             1.6              3.4         1.6             99.2     0.02             0.2       10.04           100.1       32.4           0.05        0.8            
Total               3                                                                                                                                                                                                                                    * P-value ≤ 0.05     ** P-value ≤ 0.01 
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Table A.4.5: ANOVA present progression of mass selection C0, C1, C2, C3 for each population using an imaged-based optical 
sorter Traits were measured: FDK and DON in the 2013 scab nursery, Lexington, KY. 
Source        df                                                                                                          MS             
                                            POP1                          POP2                         POP3                      POP4                           POP5                          POP6                           POP7 
     FDK       DON             FDK      DON             FDK     DON           FDK     DON             FDK      DON           FDK      DON            FDK      DON 
C0-C3               3         13.8     48.9                 5.1      92.3               34.7    212.6            4.0        1.0              14.87 *   7.5             3.2     14.0             13.8       3.4 
REP                  1          55.3     29.2                4.8    720.1               14.0          0.5             0.5        8.4             1.0           0.6             0.9       6.8             55.4     89.7 
Error               3          47.3    38.9              1.6    107.2             10.1          9.2             11.9   15.3             0.7           4.3             11.6    14.5            18.4     67.5 
Total               7                                                                                                                                                                                           
                           POP8                         POP9                          POP10                    POP11                     POP12                     POP13                      POP14 
       FDK      DON           FDK      DON              FDK     DON           FDK    DON             FDK     DON            FDK     DON            FDK      DON 
C0-C3              3          866.2    30.1               24.5   11.8                1.3        70.2            62.2     17.5              1.3       5.6             6.1      34.9             1.1         8.0 
REP                  1         585.4       5.1               2.5       0.7               75.2    335.4            4.2     158.4**          1.0     45.6             17.0      3.2             11.2     12.2 
Error               3         695.0     22.5             9.2       4.5              35.2    111.0            12.6        4.3              9.7     29.3             20.6    11.0             36.5     35.7 
Total               7                                                                                                                                                                                           
             POP15                           POP16                         POP17             POP18                          POP19                        POP20  
       FDK       DON                 FDK      DON               FDK     DON             FDK     DON                FDK      DON               FDK      DON          
C0-C3              3            8.6        2.7                     0.1      11.5                 3.5         1.7               88.9      30.0                24.3       1.9               14.3      11.2            
REP                  1           9.7        4.6                     5.8       36.1*               26.0     21.1*             57.2     26.2                31.4       5.9               3.9        0.08             
Error               3           8.7         1.0                  6.7         1.8                9.5          1.1               62.1       8.7                9.7         4.5               11.7      12.2            
Total               7                                                                                                                                                                                           
* P-value ≤ 0.05  
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Table A.4.6: ANOVA of FDK and ADJ_FDK, Princeton, KY, 2013. 
Source                  df                                                                                             MS                              
                                                                              -----FDK-----                                                                               -----ADJ_FDK---- 
SELEC                       3                              6.2                                                             10.7              
Rep                            1                                               82.1**                                                                                         76.0 **                        
POP                      19                                            15.7 **                                                                                         15.8 **                              
Error                         136                                            7.3                                                                                 7.4 
Total        159  
                                                                            -------HT-------                                                                                --------HD-------- 
SELEC        3                                         11.5 *                                                               0.9   
Rep                            1                                               0.03                                                                                           9.0 **                          
POP                      19                                            21.8 **                                                                                         13.3 **                                 
Error                         139                                            4.3                                                                                 1.4 
Total        159  
                                                                           -------LOD-------                                                                              ------Yield------- 
SELEC        3                                          0.05                                                           217.6 *    
Rep                            1                                                  0.3 **                                                                                     3454.5  **                         
POP                      19                                               3.0 **                                                                                       576.6  **         
Error                         139                                          0.06                                                                                86.8 
Total        159  
 
* P-value ≤ 0.05 
** P-value ≤ 0.01 
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Table A.4.7: ANOVA of FDK and ADJ_FDK, Lexington 2013. 
Source                  df                                                                                               MS                                        
                                                                                 -------FDK-------                                                               -----ADJ_FDK------ 
SELEC                       3                                  80.9                                                       69.4   
Rep                            1                                                     18.1                                                                                  33.2                           
POP                      19                                                153.8                                                                                126.1         
Error                         139                                              133.7                                                                   114.8 
Total        159  
                                                                                  --------HT-------                                                                 --------HD--------- 
SELEC                       3                                      5.4                                                          0.6                       
Rep                            1                                                   105.6 **                                                                      0.9                            
POP                      19                                                   44.1 **                                                                      3.8 **         
Error                         139                                                   4.2                                                                       0.5 
Total        159  
                                                                                  ------LOD-------                                                                 --------Yield-------- 
SELEC                       3                                                       0.01                                                                  125.5                       
Rep                            1                                                         0.1 **                                                                  238.7                           
POP                      19                                                   0.04 **                                                                  213.1 **                                    
Error                         139                                                 0.01                                                                   110.2 
Total        159  
 
* P-value ≤ 0.05 
** P-value ≤ 0.01 
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Table A.4.8: Cycle means, standard deviations (Std Dev) maximum (MAX), minimum (MIN) for population 1-20. Traits were 
measured: (ADJ_FDK) air separation machine with visually adjusting scabby portion, FDK assessed by air separation machine 
(FDK), incidence (INC), rating, lodging (LOD), plant height (HT), heading date (HD), and yield, Lexington, KY, 2013. 
 
 
Selection	Cycle N	Obs Variable N Mean Std Dev Minimum Maximum
C0 40 ADJ_FDK 40 11.4 3.9 4.9 22.6
FDK 40 12.9 3.8 6.0 23.8
Inc 40 0.4 0.1 0.1 0.7
Rating 40 0.3 0.2 0.0 0.7
LOD 40 0.1 0.2 0.0 0.6
HT 40 43.9 3.1 36.0 49.0
HD 40 45.2 0.8 43.0 46.0
yield 40 62.4 13.2 18.6 85.3
C2 40 ADJ_FDK 40 12.9 3.9 5.0 20.9
FDK 40 14.4 3.7 6.3 20.9
Inc 40 0.4 0.1 0.2 0.8
Rating 40 0.3 0.1 0.0 0.5
LOD 40 0.0 0.1 0.0 0.3
HT 40 43.7 3.1 37.0 50.0
HD 40 45.1 1.2 41.0 47.0
yield 40 60.5 10.8 40.9 80.3
C3 40 ADJ_FDK 40 14.4 19.8 5.3 135.0
FDK 40 16.2 21.9 6.4 150.0
Inc 40 0.4 0.1 0.0 0.6
Rating 40 0.3 0.1 0.1 0.6
LOD 40 0.1 0.1 0.0 0.5
HT 40 44.4 3.3 36.0 50.0
HD 40 45.2 1.0 42.0 47.0
yield 40 63.6 11.6 41.9 89.4
C4 40 ADJ_FDK 40 13.7 6.5 0.5 33.3
FDK 40 15.3 6.0 8.3 33.3
Inc 40 0.3 0.1 0.2 0.6
Rating 40 0.3 0.1 0.1 0.6
LOD 40 0.1 0.1 0.0 0.4
HT 40 44.5 3.0 39.0 50.0
HD 40 45.0 1.0 42.0 47.0
yield 40 64.6 8.3 49.5 85.5
     
9
7 
Table A.4.9: Cycle means, standard deviations (Std Dev) maximum (MAX), minimum (MIN) for population 1-20. Traits were 
measured: (ADJ_FDK) air separation machine with visually adjusting scabby portion , lodging (LOD), plant height (HT), 
heading date (HD), and yield, Princeton, KY, 2013. 
 
 
Selection Cycle N Obs Variable N Mean Std Dev Minimum Maximum
C0
ADJ_FDK 40 8 3.2 3.4 16.9
LOD 40 0.6 0.3 0 1
HT 40 46.3 2.5 41.5 51.5
HD 40 36.6 1.8 34 42
Yield 40 41.8 14.3 18.1 71.8
C1 40
ADJ_FDK 40 8.9 3.1 4 17.1
LOD 40 0.5 0.3 0 1
HT 40 46.8 2.2 42 51.5
HD 40 36.4 1.6 34 40
Yield 40 45.9 12.6 9 67.1
C2
ADJ_FDK 40 7.8 2.6 4.1 15
LOD 40 0.5 0.4 0 1
HT 40 47.3 2.2 43 52
HD 40 36.2 1.5 33 39
Yield 40 43.3 13.1 17.3 72.3
C3 40
ADJ_FDK 40 8.7 3 3.7 17.9
LOD 40 0.5 0.4 0 1
HT 40 47.4 3.1 43 59
HD 40 36.5 1.9 33 43
Yield 40 40.4 11.4 17.3 64.4
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Table A.5.1: ANOVA of FDK (%) assessed by air separation machine (FDK_AIR), FDK_AIR with visually adjusting the scabby 
portion (FDK_ADJ), visual estimate (FDK_VST), and heading date (HD), plant height (HT), deoxynivalenol (DON), severity 
(SEV), incidence (INC), FHB index, and rating in the 2013 scab nursery derived line of population 1. 
 
 
Population # 1  
 
Source                     df                                             MS 
     ------------------------------------------------------------------------------------------------------------------------------------------------------ 
                                                              FDK_AIR                                 FDK_ADJ                             FDK_VST                                       HD                                           HT 
 
Selec                            1                         221.7                                     57.9                                     249.4                                          12.6                                     42.0        
Rep                          1                        139.4                                    130.0                                 725.2                            0.2                                     69.0 *       
Error                      117                           84.4                                           71.1                                      733.9                                          10.7                                       13.5 
Total                      119                                                                                                                                                                                                                  
 
Source                    df                       MS 
     ------------------------------------------------------------------------------------------------------------------------------------------------------ 
                                                                   DON                                          SEV                                       INC                                           INDEX                                RATING 
 
Selec                           1                           544.8 **                              346.0 *                                 350.2                                         258.4                                      8.5 *        
Rep                           1                             11.9                             119.8                                     0.2                            46.1                                      0.3        
Error                      117                          278.4                                         86.4                                      350.7                                           85.3                                         1.9 
Total                      119                                                                                                                                                                                                                 
* P-value ≤ 0.05       ** P-value ≤ 0.01 
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Table A.5.2: ANOVA of FDK (%) assessed by air separation machine (FDK_AIR), FDK_AIR with visually adjusting scabby 
portion (FDK_ADJ), visual estimate (FDK_VST), heading date (HD), plant height (HT), deoxynivalenol (DON), severity (SEV), 
incidence (INC), FHB index, and rating in the 2013 scab nursery derived line of population 17, Lexington, KY. 
   
                                      Population #17  
 
Source                     df                                             MS 
     ------------------------------------------------------------------------------------------------------------------------------------------------------ 
                                                              FDK_AIR                                 FDK_ADJ                             FDK_VST                                        HD                                        HT 
 
Selec                             1                        152.6             1275.5          3.6                          180.0 **                               25.2        
Rep                            1                    15315.8 **                    9834.0 *                      20150.2 **                          5.2                                      1.8        
Error                       117                      1349.0                                        1912.5                                 650.9                                                4.6                                      11.2 
Total                       119                                                                                                                                                                                                                  
 
Source                    df                       MS 
     ------------------------------------------------------------------------------------------------------------------------------------------------------ 
                                                                   DON                                          SEV                                         INC                                         INDEX                               RATING 
 
Selec                            1                          21.6                                      480.8 *                                120.0       402.4 *                               7.5 *        
Rep                           1                             7.3                               1705.8 **                         1400.8 *                      1223.2 **                           12.0 **        
Error                       117                         45.5                                            93.7                                    297.4                                            80.8                                      1.4 
Total                       119                                                                                                                                                                                                                
 
* P-value ≤ 0.05     ** P-value ≤ 0.01
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Table A.5.3: Means of FDK (%) of derived line before selection (FDK_C0) and after two 
cycles of selection for each line of the population 1 and their names in the scab nursery, 
Lexington, KY 2013. 
Line name             FDK (%) C0 
 
Line name FDK (%) C2 
1003-1 16.75 
 
1003-1 10.51136364 
1003-2 13.37108014 
 
1003-2 34.00337838 
1003-3 27.83783784 
 
1003-3 17.93233083 
1003-4 32.46753247 
 
1003-4 15.8130814 
1003-5 22.97297298 
 
1003-5 25 
1003-6 23.85428907 
 
1003-6 15.38981289 
1003-7 32.53968254 
 
1003-7 20.35714286 
1003-8 20.38812068 
 
1003-8 19.4610308 
1003-9 13.24041812 
 
1003-9 25.80645161 
1003-10 14.96148909 
 
1003-10 22.84113061 
1003-11 20.51282051 
 
1003-11 19.5625 
1003-12 19.48717949 
 
1003-12 11.83333333 
1003-13 23.38056681 
 
1003-13 10.70334657 
1003-14 16.04336895 
 
1003-14 19.64698332 
1003-15 17.83121597 
 
1003-15 30.77777778 
1003-16 21.09173127 
 
1003-16 18.46153846 
1003-17 15.03947369 
 
1003-17 11.27906977 
1003-18 12.95681064 
 
1003-18 14.88372093 
1003-19 13.9619966 
 
1003-19 24.12816042 
1003-20 15.9962406 
 
1003-20 21.02339182 
1003-21 30.19230769 
 
1003-21 23.86486487 
1003-22 10.07936508 
 
1003-22 12.14661862 
1003-23 17.45641026 
 
1003-23 19.04761905 
1003-24 14.43292683 
 
1003-24 51.81818182 
1003-25 27.22048067 
 
1003-25 22.75641026 
1003-26 13.89056087 
 
1003-26 14.01515152 
1003-27 19.9066214 
 
1003-27 25.76036866 
1003-28 8.977272728 
 
1003-28 15.64685315 
1003-29 22.72257552 
 
1003-29 20.94298246 
1003-30 17.30152366 
 
1003-30 23.15637066 
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Table A.5.4: Means of FDK (%) of derived line of before selection (FDK_C0) and after two 
cycles of selection of the population 17, and their names in the scab nursery, Lexington, 
KY 2013. 
 
Line Name FDK (%) C0 
 
Name FDK (%) C22 
1051-1 25.2631579 
 
1051-1 15.1417683 
1051-2 44.76190477 
 
1051-2 24.10714286 
1051-3 19.59966216 
 
1051-3 33.45410628 
1051-4 28.67132867 
 
1051-4 15.52631579 
1051-5 26.49431818 
 
1051-5 35.04385965 
1051-6 15.62142857 
 
1051-6 26.3963964 
1051-7 64.11764706 
 
1051-7 70.83333334 
1051-8 29.16666667 
 
1051-8 14.5625 
1051-9 26.59090909 
 
1051-9 52.65151515 
1051-10 17.5313118 
 
1051-10 21.625 
1051-11 26.03571429 
 
1051-11 32.15460527 
1051-12 26.10317461 
 
1051-12 24.54166667 
1051-13 17.51428572 
 
1051-13 48.77380953 
1051-14 30.57692308 
 
1051-14 21.05263158 
1051-15 22.20151515 
 
1051-15 23.75 
1051-16 31.330357 
 
1051-16 39.61397059 
1051-17 26.66666667 
 
1051-17 56.80672269 
1051-18 36.55701755 
 
1051-18 33.92857143 
1051-19 27.42647059 
 
1051-19 23.27407408 
1051-20 13.1959707 
 
1051-20 24.15692008 
1051-21 30.71095571 
 
1051-21 40.28716216 
1051-22 16.58536586 
 
1051-22 36.39705883 
1051-23 27.70833333 
 
1051-23 18.7037037 
1051-24 26.9872814 
 
1051-24 35.85972851 
1051-25 23.93665159 
 
1051-25 49.40860215 
1051-26 22.59305211 
 
1051-26 31.55405406 
1051-27 49.8931624 
 
1051-27 16.0828877 
1051-28 42.5 
 
1051-28 52.20588236 
1051-29 37.48 
 
1051-29 30.30078466 
1051-30 31.78571429 
 
1051-30 32.31523379 
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Figure A.3.1: Regression of Fusarium damaged kernels measured by imaged based 
optical sorter (FDK_IBOS) on FDK measured by near infrared reflectance (NIR) 
using the first calibration (NIRFDK1) on FDK in Lexington 2012. 
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Figure A.3.2: Regression of Fusarium damaged kernels measured by air separation 
machine with adjustment of scabby fraction weight (FDK_ADJ) on deoxynivalenol 
level (DON;ppm) in Lexington, KY, 2012. 
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Figure A.3.3: Regression of deoxynivalenol level (DON; ppm on visual assessment of 
Fusarium damaged kernels (FDK) percentage on a count basis (n= 600 kernels) 
(FDK_VNO) in Lexington ,KY , 2012. 
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Figure A.3.4: Regression of Fusarium damaged kernels assessed by air separation 
machine (FDK_AIR) on deoxynivalenol level (DON; ppm) in Lexington, KY, 2012. 
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Figure A.3.5: Regression of deoxynivalenol level (DON; ppm) on visual assessment 
of Fusarium damaged kernels (FDK) percentage on a count basis (n= 600 kernels) 
(FDK_VNO) in Lexington, KY, 2012. 
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Figure A.3.6: Regression of deoxynivalenol level (DON; ppm) on percentage of 
Fusarium damaged kernels (FDK) assessed by near infrared reflectance (NIR) using 
the first calibration (NIRFDK1) in Lexington, KY, 2012. 
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Figure A.3.7: Regression of deoxynivalenol level (DON; ppm) of Fusarium damaged 
kernels (FDK) assessed by near infrared reflectance (NIR) using the second 
calibration (NIRFDK2) in Lexington, KY,  2012. 
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Figure A.3.8: Regression of deoxynivalenol level (DON; ppm) on deoxynivalenol 
assessed by near infrared reflectance (NIR) using the first calibration (NIRDON1) in 
Lexington, KY, 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
y = -0.0069x + 2.6574
R² = 0.0002
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 2 4 6 8 10
D
O
N
 (
p
p
m
)
NIRDON1
     110 
Figure A.3.9: Regression of deoxynivalenol level (DON; ppm) on deoxynivalenol 
assessed by near infrared reflectance (NIR) using the second calibration (NIRDON2) 
in Lexington, KY, 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
y = 0.0176x + 2.5648
R² = 0.0012
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 1 2 3 4 5 6 7 8 9
D
O
N
 (
p
p
m
)
NIRDON2
     111 
Figure A.3.10: Regression of deoxynivalenol level (DON; ppm) on percentage of 
Fusarium head blight rating (Rating) in Lexington, KY, 2012. 
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Figure A.3.11: Regression of deoxynivalenol level (DON; ppm) on final yield in 
Lexington, KY, 2012. 
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Figure A.3.12: Regression of deoxynivalenol level (DON; ppm) on heading date (HD) 
in Lexington, KY, 2012. 
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Figure A.3.13: Regression of deoxynivalenol level (DON; ppm) on plant height (HT) 
in Lexington, KY, 2012. 
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Figure A.3.14: Regression of Fusarium head blight index on plant height (HT) in 
Lexington, KY, 2012. 
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Figure A.3.15: Regression of deoxynivalenol level (DON; ppm) on Fusarium head 
blight index (Index) in Lexington, KY, 2012. 
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Figure A.3.16: Regression of deoxynivalenol level (DON; ppm) on percentage of 
Fusarium head blight severity in Lexington, KY, 2012. 
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Figure A.3.17: Regression of deoxynivalenol level (DON; ppm) on percentage of 
Fusarium head blight incidence (INC) in Lexington, KY,  2012. 
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Figure A.3.18: Regression of deoxynivalenol level (DON; ppm) measured by NIR 
using the first calibration (NIRDON1) on percentage of  Fusarium damaged kernel 
measured by NIR (NIRFDK1) using the same calibration in Lexington, KY, 2012. 
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Figure A.3.19: Regression of Fusarium damaged kernels assessed by air separation 
machine on scabby portion adjustment weight basis (FDK_ADJ) on visual 
assessment of FDK percentage on a count basis (n= 600 kernels) (FDK_VNO) in 
Lexington, KY, 2012. 
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Figure A.3.20: Regression of Fusarium damaged kernels (FDK) measured by near 
infrared reflectance (NIR) using the first calibration (NIRFDK1) on visual 
assessment of FDK percentage on a count basis (n= 600 kernels) (FDK_VNO) in 
Lexington, KY, 2012. 
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Figure A.3.21: Regression of Fusarium damaged kernels estimated by visual 
assessment a count basis (n= 600 kernels) (FDK_VNO) on Fusarium head plight 
index in Lexington, KY, 2012. 
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Figure A.3.22: Regression of Fusarium damaged kernels assessed by air separation 
machine with visually adjusted scabby portion weight basis (FDK_ADJ) on Fusarium 
damaged kernels measured by near infrared reflectance (NIR) using the first 
calibration (NIRFDK1) in Lexington, KY, 2012. 
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Figure A.3.23: Regression of Fusarium damaged kernels assessed by air separation 
machine with on scabby portion adjusted weight basis (FDK_ADJ) on deoxynivalenol 
level (DON; ppm) measured by near infrared reflectance (NIR) using the first 
calibration (NIRDON1) in Lexington, KY, 2012. 
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Figure A.3.24: Regression of Fusarium damaged kernels assessed by image-based 
optical sorter (FDK_IBOS) on deoxynivalenol level measured by near infrared 
reflectance using the first calibration (NIRDON1) on in Lexington, KY, 2012. 
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Figure A.3.25: Regression of Fusarium damaged kernels (FDK) assessed by image-
based optical sorter (FDK_IBOS) on heading date (HD) in Lexington, KY, 2012. 
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Figure A.3.26: Regression Fusarium head blight index on heading date (HD) in 
Lexington, KY, 2012. 
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Figure A.3.27: Regression of Fusarium damaged kernels assessed by image -based 
optical sorter (FDK_IBOS) on plant height (HT) in Lexington, KY, 2012. 
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Figure A.3.28: Regression of Fusarium damaged kernels estimated by visual 
assessment on a count basis (n= 600 kernels) (FDK_VNO) on plant height (HT) in 
Lexington, KY, 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
y = 0.99x - 12.119
R² = 0.1653
0
5
10
15
20
25
30
35
40
0 5 10 15 20 25 30 35 40 45
F
D
K
_V
N
O
HT
     130 
Figure A.3.29: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C 0, C2, 
C3) by image-based optical sorter (Cycle) in Lexington, KY, 2012. 
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Figure A.3.30: Fusarium damaged kernels (FDK) assessed by image-based optical 
sorter (sort_after) in three cycles of recurrent selection  (C0, C2, C3) in Lexington, KY, 
2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     132 
 
Figure A.3.31: Distribution of Fusarium damaged kernels (FDK) assessed by image-
based optical sorter (Sort) in twenty wheat populations in Lexington, KY,  2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     133 
Figure A.3.32: Distribution of Fusarium damaged kernels (FDK) assessed near 
infrared reflectance (NIR) using the first calibration (NIR_FDK1) of twenty wheat 
populations in Lexington, KY, 2012. 
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Figure A.3.33: Deoxynivalenol (DON; ppm) levels measured by NIR using the first 
calibration (NIR_DON1) of twenty wheat populations in Lexington, KY, 2012. 
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Figure A.3.34: Severity of Fusarium head blight of twenty wheat populations in 
Lexington, KY, 2012. 
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Figure A.3.35: The normal density curve over top of the histograms (DON; ppm) for 
selection cycles (0,1,2), Lexington, KY, 2012. 
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Figure A.3.36: The normal density curve over top of the histograms Fusarium 
damaged kernels (FDK) assessed by image-based optical sorter in selection cycles 
(0,1,2), Lexington, KY, 2012. 
 
 
 
 
     138 
Figure A.4.1: Regression of Fusarium damaged kernel of population 3 through 4 
cycles of selection in Princeton, KY, 2013. 
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Figure A.4.2: Regression of Fusarium damaged kernel of population 14 through 4 
cycles of selection in Princeton, KY, 2013. 
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Figure A.4.3: Regression of Fusarium damaged kernel of population 17 through 4 
cycles of selection in Princeton, KY, 2013. 
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Figure A.4.4: Regression of Fusarium damaged kernel of population 3 through 4 
cycles of selection in Lexington, KY, 2013. 
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Figure A.4.5: Regression of Fusarium damaged kernel of population 15 through 4 
cycles of selection in Lexington, KY, 2013. 
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Figure A.4.6: Fusarium damaged kernel distribution (ADJ_FDK) in three locations 
PRN (0), LEX (1), AND scab nursery (2) in KY, 2013. 
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Figure A.4.7: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C 0, C1, 
C2) of population 11 by image-based optical sorter (Cycle) in Lexington, KY, 2012. 
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Figure A.4.8: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C0, C1, 
C2) of population 1 by image-based optical sorter (Cycle) in Lexington, KY, 2012. 
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Figure A.4.9: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C 0, C1, 
C2) of population 10 by image-based optical sorter (Cycle) in Lexington, KY, 2012. 
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Figure A.4.10: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C 0, C1, 
C2) of population 17 by image-based optical sorter (Cycle) in Lexington, KY, 2012. 
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Figure A.4.11: Fusariun damaged kernel for three cycles of mass selection  (C0, C1, 
C2) of population 9 by image-based optical sorter (Cycle) in Lexington, KY, 2013. 
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Figure A.5.1: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C0, C2, 
C3) of population 1 by image-based optical sorter (Cycle) in Princeton, KY, 2013. 
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Figure A.5.2: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C0, C2, 
C3) of population 17 by image-based optical sorter (Cycle) in Princeton, KY, 2013. 
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Figure A.5.3: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C0, C2, 
C3) of population 1 by image-based optical sorter (Cycle) in Lexington, KY, 2013. 
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Figure A.5.4: Deoxynivalenol (DON; ppm) for three cycles of mass selection  (C0, C2, 
C3) of population 17 by image-based optical sorter (Cycle) in Lexington, KY, 2013. 
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Figure A.5.5: Combination of significant and insignificant DON reduction due to 
selection derived lines of population 1 (KY93C-0004-22-1/25R37//VA05W-517) on 
the basis of their entry means (n=900) in Lexington 2013. 
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Figure A.5.6: Combination of significant and insignificant FDK reduction due to 
selection derived lines of population 17 (Truman/IL99-15867//VA03W-409) on the 
basis of their entry means (n=900) in Lexington 2013. 
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